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RESUME 
Les composites a haute performance fabriques a partir des renforts tisses ou tresses ont 
des applications dans plusieurs domaines, principalement dans les industries 
aerospatiale, automobile et marine. Ce projet s'inscrit dans le cadre des travaux de 
recherche effectues a l'Ecole Polytechnique de Montreal en collaboration avec la 
compagnie Composites Atlantic Ltd. 
Les ressorts composites constituent une alternative interessante, etant donne la reduction 
de poids qu'ils permettent d'obtenir a performance egale compare aux ressorts 
metalliques. Leur bonne tenue en fatigue et leur resistance a la corrosion constituent 
aussi des atouts importants dans beaucoup d'applications. De plus, l'utilisation des 
composites assure une securite accrue en evitant les risques de rupture brutale en raison 
de la faible vitesse de propagation de fissures dans ce type de materiau. Enfin, dans les 
machines electrotechniques, l'utilisation de ressorts composites presente un autre 
avantage important en raison de leurs proprietes d'isolation electrique. 
Peu de travaux traitent des ressorts composites dans la litterature technique. La premiere 
partie de cette these a porte sur les problemes relies a la conception et a la caracterisation 
mecanique des ressorts composites. Les resultats sont prometteurs, puisqu'ils confirment 
la possibilite d'obtenir des ressorts composites presentant la meme performance 
mecanique en terme de raideur que les ressorts metalliques. Deux solutions ont ete 
trouvees pour remplacer un ressort metallique de suspension d'un vehicule a quatre 
roues motrices : un premier ressort en carbone/epoxy et un deuxieme en verre/epoxy. 
Dans la deuxieme partie, un logiciel a ete developpe afin d'elaborer une nouvelle 
approche pour predire les proprietes mecaniques de composites tisses ou tresses. Cette 
demarche est fondee sur une methode inverse a partir de la theorie des stratifies qui 
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permet de creer, a partir de resultats experimentaux sur des composites tresses, un pli de 
base virtuel incorporant l'effet de l'architecture des fibres (ondulation et angle de 
tressage). A partir de ce modele, les proprietes du composite peuvent etre predites pour 
un autre angle de tressage. La comparaison avec les resultats experimentaux a montre 
une bonne correlation avec les predictions numeriques. 
En troisieme partie, des travaux de caracterisation experimentale ont porte sur 1'etude du 
fluage de plaques composites fabriquees a partir des memes materiaux de renfort que les 
ressorts composites. Des essais de fluage en flexion trois points ont ete realises avec une 
machine DMA Q800. Les resultats ont montre que le comportement en fluage est 
gouverne essentiellement par la matrice polymere, mais la rigidite, en revanche, depend 
du melange fibres/matrice. L'angle de tressage de 35° correspond a un seuil 
caracteristique pour les composites tresses, puisque qu'au dela de cette valeur la rigidite 
chute dans un essai de fluage a des temperatures superieures a Tg. II represente aussi un 
angle critique dans un essai de traction ou de flexion, a partir duquel le mode de rupture 
du composite passe du mode fragile (rupture des fibres) a un mode mixte, dans lequel la 
matrice polymere commence a jouer un role au meme titre que les fibres. Une bonne 
stabilite a ete remarquee pour les composites tresses avec un angle de tressage inferieur 
a ± 35° ou superieur a ± 60°. Des essais a long terme ont ete realises pour deux 
composites tresses ± 45° et ± 55°, afin de verifier le modele predictif utilise par la DMA. 
Les facteurs de translation obtenus pour le court et le long termes sont 
approximativement egaux. 
En resume, les travaux de cette these fournissent un point de depart en vue du 
developpement d'applications industrielles des ressorts composites. Le logiciel de 
conception permet d'evaluer l'efficacite des ressorts composites helicoi'daux pour une 
application amortissante. Le logiciel developpe pour la prediction des proprietes 
elastiques des composites tresses accelere la mise en donnees des resultats de 
caracterisation necessaires pour la conception. Cet outil numerique pourrait etre 
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generalise a d'autres architectures de fibres. II s'agit d'un outil pratique qui peut etre 
utile pour des recherches ulterieures de nature scientifique ou industrielle. Enfin, l'etude 
de fluage realisee, bien que preliminaire, fournit une premiere estimation sur la duree de 
vie de ressorts composites en verre/epoxy. II serait interessant de passer maintenant au 
developpement d'une premiere application industrielle. 
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ABSTRACT 
High performance composites reinforced by woven or braided fabrics have several 
different applications in various fields such as in the aerospace, automobile and marine 
industry. This research project was carried out at the Ecole Polytechnique de Montreal in 
collaboration with an industrial sponsor, the company Composites Atlantic Ltd. 
Composite springs often represent an interesting alternative, given the reduction in 
weight that they allow with equal mechanical performance compared to metallic springs. 
Their good resistance to fatigue and corrosion bring additional benefits in several 
industrial applications. Moreover, the use of the composites increases safety by avoiding 
the risks of brutal rupture because of the low propagation velocity of cracks in this type 
of material. Lastly, in electrotechnics, another significant advantage comes into play 
because of the electrical insulation capability of composite springs. 
Few research results can be found on composite springs in the scientific literature. The 
first part of this thesis studies the problems connected with the design of composite 
springs. The results are promising, because it was confirmed that composite springs can 
be devised with the same mechanical performance in term of stiffness as metallic ones. 
Two solutions were found to replace the metallic springs of the suspension of a four 
wheel drive: the first spring was in carbon-epoxy, and the second one in glass-epoxy. 
In the second part, software was developed in order to devise a new approach to predict 
the mechanical properties of woven or braided composites. This work shows how an 
inverse method based on plate laminate theory allows creating, from experimental 
results on braided composites, a virtual basic ply that includes the effect of fiber 
architecture (undulation and braiding angle). Using this model, the properties of the 
composite can be predicted for any braid angle. The comparison with the experimental 
results shows a good correlation with numerical predictions. 
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In third part, an experimental study on creep was conducted on composite plates 
manufactured with the same constitutive materials as the composite springs. Creep tests 
in three point bending were carried out with Q800 DMA machine. The results showed 
that creep behavior depends primarily on the polymer matrix. However, rigidity is a 
function of the fiber-matrix mixture. The braiding angle of 35° corresponds to a 
characteristic threshold for braided composites: beyond this value, rigidity falls in a 
creep test at a temperature higher than Tg. It represents also a critical angle in bending or 
in tensile tests. Above 35°, the failure mode of the composite goes from fragile (rupture 
of fibers) to a mixed mode, in which the polymer matrix comes also into play with 
fibers. A good stability was observed for the composites with a braiding angle lower 
than + 35° or higher than ± 60°. Long-term tests were also carried out for two braided 
composites at ± 45° and ± 55° in order to check the predictive model of the DMA. The 
shift factors obtained from the short and long term tests are roughly equal. 
This thesis has set the ground for the future development on industrial applications of 
composite springs. The design software predicts the mechanical effectiveness of helical 
composite springs. The software developed to predict the elastic properties of braided 
composites accelerates the preparation of characterization results for the design stage. 
This numerical tool could be generalized for other fiber architectures. It represents a 
practical tool for further investigations. Finally, the study on creep, although 
preliminary, provides a first evaluation of the life cycle of composite springs. It would 
be interesting to proceed now to the design of a first industrial application. 
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1 
INTRODUCTION 
Les ressorts helicoi'daux sont des pieces essentielles dans plusieurs structures 
amortissantes en raison de leur capacite d'absorption d'energie pour un encombrement 
relativement restreint en volume. Compte tenu des exigences croissantes dans les 
secteurs aeronautique et automobile en matiere de fiabilite, performance et reduction de 
poids, l'utilisation des composites devient interessante pour differents types de ressorts 
et, en particulier, pour les ressorts helicoi'daux. 
Les ressorts composites peuvent apporter une contribution technologique et economique 
interessante, car ils presentent des avantages comme la reduction de masse, une bonne 
tenue en fatigue et la resistance a la corrosion. De plus, l'utilisation des ressorts 
composites assure une securite accrue pour prevenir une rupture brutale, en raison de la 
faible vitesse de propagation des fissures par comparaison aux metaux. Enfin, dans les 
machines electrotechniques, l'utilisation de ressorts composites est avantageuse en 
raison de leurs bonnes proprietes d'isolation electrique. 
Ce projet s'inscrit dans la continuity des travaux de recherche effectues a l'Ecole 
Polytechnique de Montreal en collaboration avec la compagnie Composites Atlantic Ltd. 
Les etudes numeriques et experimentales realisees pour fabriquer des ressorts 
composites helicoi'daux ont conduit a mesurer la permeabilite des tresses et a evaluer la 
qualite des ressorts fabriques par injection d'une resine polymere epoxy dans un moule 
ferme contenant les renforts tresses [1-3]. Des simulations sur la fabrication des ressorts 
composites ont aide a mettre au point une methode d'injection, ainsi qu'un logiciel pour 
optimiser la conception des ressorts [4]. Plus recemment, des tentatives pour fabriquer et 
caracteriser des tubes et des ressorts composites ont permis d'identifier une serie de 
problemes relies a la fabrication de ces ressorts [5]. Les travaux numeriques et 
experimentaux de ces dernieres etudes [3-5] ont prepare le terrain avant le demarrage de 
cette these. 
2 
Position du probleme 
La conception et la fabrication d'un ressort helicoidal composite a matrice polymere 
thermodurcissable presentent des difficultes en raison de l'anisotropie du materiau et la 
complexity de sa structure. Plusieurs problemes se posent au niveau de la conception et 
de la caracterisation mecanique des ressorts composites, qu'on peut enumerer comme 
suit: 
> Le premier probleme porte sur la conception des ressorts composites. On vise une 
performance en terme de raideur au moins equivalente a celle d'un ressort 
metallique. La performance d'un ressort composite depend de plusieurs facteurs : 
les caracteristiques geometriques du ressort, le taux, 1'orientation et la nature des 
fibres, le nombre de plis et les proprietes de la resine. Le choix de combinaisons 
optimales de ces parametres n'est pas une operation simple. 
> La seconde difficulte est reliee au manque de donnees sur les proprietes 
mecaniques des composites tresses. Pour ameliorer la precision de la demarche de 
conception et varier le choix de solutions optimales, il faut enrichir la base des 
donnees experimentales disponibles. La variation des angles d'orientation des plis 
tresses avec le diametre du fil du ressort implique un changement des proprietes 
mecaniques, qui doivent ainsi etre identifiees pour chaque pli. II est done 
souhaitable de developper une base de donnees experimentales sur les materiaux 
composites unidirectionnels et leurs proprietes mecaniques en fonction de 
l'orientation des fibres. 
> Le troisieme probleme concerne les conditions d'utilisation des ressorts 
composites, qui sont soumis en general a une charge permanente et a des 
sollicitations cycliques. Dans une application industrielle, il est necessaire 
d'evaluer la duree de vie du ressort en fonction des charges imposees et des 
conditions de service. 
3 
Objectifs 
L'objectif du projet consiste a etudier les problemes mentionnes en vue d'une 
application amortissante des ressorts composites helicoidaux pour un vehicule a quatre 
roues motrices. 
Objectifs specifiques 
Les objectifs specifiques sont les suivants : 
• Adapter et raffmer un logiciel developpe a l'Ecole Polytechnique pour la 
conception des ressorts composites. 
• Developper un logiciel de prediction des proprietes mecaniques des composites 
renforces par des tissus ou des tresses. Ce logiciel est fonde sur une nouvelle 
approche consistant a evaluer les proprietes mecaniques d'un composite tresse a 
partir de celles d'un composite unidirectionnel virtuel equivalent. Cet outil 
permettra d'enrichir la base de donnees sur les materiaux composites a renforts 
tresses. 
• Fabriquer des plaques composites a base de renforts tisses et tresses pour 
mesurer les proprietes mecaniques selon differentes directions afin de valider le 
logiciel de prediction des proprietes mecaniques. 
• Caracteriser en fluage le comportement des materiaux composites utilises dans 
les ressorts et etudier 1'influence de Tangle de tressage sur revolution temporelle 
des proprietes mecaniques. 
Organisation de la these 
Cette these comprend trois articles. Le premier chapitre est consacre a la recherche 
bibliographique sur les ressorts composites helicoidaux. II contient un rappel sur les 
composites tresses et les travaux anterieurs realises sur la conception et la fabrication de 
ressorts composites, leur caracterisation mecanique et en fluage. 
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Le deuxieme chapitre resume la methodologie suivie dans ce travail. II decrit les trois 
etapes necessaires afin d'atteindre les objectifs vises : (1) en premier lieu, la conception 
d'un ressort helicoi'dal composites a rendort tresse est effectuee pour une application 
amortissante ; (2) une nouvelle approche est developpee pour predire des proprietes 
mecaniques des composites tresses ; et enfin (3) une etude du comportement en fluage 
des materiaux composites est realisee afin d'evaluer le comportement a long terme des 
ressorts helicoi'daux composites. 
Dans le troisieme chapitre, un article intitule « Optimum Design of a Composite Helical 
Spring by Multi-Criteria Optimization » porte sur la conception des ressorts composites. 
Ce travail illustre la possibilite de remplacer un ressort metallique destine a une 
application amortissante pour un vehicule sport par un ressort composite. L'optimisation 
d'un ressort metallique a ete realisee afin de valider et de verifier les limites du logiciel 
de conception. 
Le quatrieme chapitre fait l'objet d'un deuxieme article intitule « An Inverse Approach 
Based on Laminate Theory to Calculate the Mechanical Properties of Braided 
Composites », qui a pour but d'augmenter les choix possibles de materiaux composites 
pour la conception des ressorts. Les composites utilises pour la conception des ressorts 
ont des renforts tresses dont Tangle de tressage varie en fonction du diametre du fil du 
ressort. II est important de connaitre les proprietes mecaniques des composites pour 
n'importe quel angle de tressage afin d'augmenter le nombre de solutions possibles pour 
la conception optimale des ressorts. 
Le cinquieme chapitre presente le troisieme article intitule « Creep Behaviour of 
Composite Woven and Braided Materials », qui traite du comportement en fluage de 
plaques composites renforcees par des tissus ou tresses. Cet article etudie 1'influence de 
Tangle de tressage sur le comportement a long terme de ces materiaux sous charge 
(poids du vehicule par exemple). 
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Pour terminer, une discussion et une conclusion generate sont presentees sur l'ensemble 
des resultats obtenus. Les perspectives futures de cette recherche sont egalement 
esquissees. Enfin, une description des principales caracteristiques de composites tresses 
et des methodes de calcul des ressorts helicoi'daux est presentee en annexe. 
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CHAPITRE 1 - REVUE DE LA LITTERATURE 
Cette etude bibliographique fait le point sur la conception et la fabrication des ressorts 
composites, ainsi que sur le comportement mecanique des composites renforces par des 
tresses. Comme les ressorts etudies sont generalement fabriques a partir des renforts 
tresses, la premiere partie est consacree a ce type de composite. La deuxieme partie 
porte sur la conception des ressorts composites et la methode d'optimisation 
multicriteres utilisee ici pour optimiser les caracteristiques des ressorts. La troisieme 
partie est consacree a la fabrication des ressorts composites. Peu de travaux ont porte 
jusqu'a maintenant sur les ressorts composites. Un certain nombre a ete realise depuis 
2003 a l'Ecole Polytechnique de Montreal en collaboration avec la compagnie 
Composites Atlantic Ltd. Les deux dernieres parties de ce chapitre portent sur le 
comportement et la prediction des proprietes mecaniques des materiaux composites a 
renfort tresse ainsi que leur comportement en fluage. 
1.1 Composites a renforts tresses 
Les tresses comprennent deux series ou plus de meches entrecroisees avec des 
orientations a ± 0 par rapport a l'axe de la tresse (Figure 1.1a). Les fibres de ces deux 
meches decrivent done deux trajectoires helicoi'dales opposees. On appelle ce type de 
tresse, tresse biaxiale. Ce type de renfort offre une meilleure resistance a la torsion, au 
cisaillement et a l'impact qu'un tissu 0/90° comparable [6]. II existe aussi des tresses 
triaxiales dans lesquelles on incorpore des meches axiales afin d'ameliorer les proprietes 
mecaniques en tension selon la direction longitudinale (Figure 1.1b) [7]. Leurs 




Figure 1.1 - Types de tresses 2D : (a) tresse biaxiale , (b) tresse triaxiale [6]. 
Tel qu'illustre a la Figure 1.2, il existe trois patrons principaux : diamant (lxl), regulier 
(2x2) et Hercule (3x3). Dans le patron diamant, une meche a +6 passe par dessus une 
meche a -6 avant d'aller sous la suivante et ainsi de suite. Pour les tressages reguliers et 
Hercule, on entrelace respectivement une meche entre des blocs de deux ou trois meches 
de la direction opposee. La tresse a patron regulier est de loin la plus repandue [7]. 
(a) (b) (c) 
Figure 1.2 - Patrons de tressage : (a) diamant, (b) regulier, (c) Hercule [6]. 
II existe un nouveau type de tresse connu sous le nom de tresse tridimensionnelle, qui 





d'ameliorer les proprietes mecaniques dans les trois dimensions. Noter que 1'architecture 
de la tresse a un effet important sur les proprietes mecaniques. Par exemple, une tresse 
diamant possede une ondulation plus elevee que les deux autres. Noter cependant que la 
tresse Hercules presente une faible stabilite dimensionnelle a cause du moins grand 
nombre d'entrecroisements [6]. 
1.1.1 Procede de tressage 
Le procede de fabrication des renforts tresses est different du tissage ou du tricotage, 
mais plus similaire a l'enroulement filamentaire. Deux series de bobines se deplacent en 
directions opposees selon une trajectoire sinusoidale pour produire une sequence de 
croisements de maniere a former une tresse continue (Figure 1.3). La difference de 
structure entre les tresses (diamant, reguliere ou Hercule) depend de la frequence de 
l'espace d'entrelacement (espace entre deux points de croisement). Cet espace est 
controle par la trajectoire des bobines. Pour la fabrication des tresses triaxiales, on ajoute 
une autre serie de bobines pour incorporer des meches axiales. La tension sur les meches 
est reglee grace a l'anneau de tension. Celle-ci doit etre a la fois suffisamment forte pour 










Figure 1.3 - Equipement pour la fabrication des renforts tresses tubulaires [5]. 
Les caracteristiques geometriques principales des tresses sont donnees par le diametre du 
mandrin et Tangle de tressage. L'angle de tressage resulte de la vitesse de deplacement 
des bobines sur le chariot. A titre indicatif, les bobines peuvent tourner jusqu'a 70 RPM 
et le deplacement longitudinal du mandrin peut atteindre 1220 mm/min maximum. 
Quant au diametre de la tresse, il correspond au diametre du mandrin de la machine de 
tressage, qui peut varier de 12.7 mm a 914 mm. 
1.1.2 Proprietes des tresses 
Les proprietes mecaniques des tresses dependent de plusieurs parametres : le type de 
tresse et Fondulation des meches, l'orientation des fibres determinee par Tangle de 
tressage, les proprietes et la fraction volumique des fibres et la sequence d'empilement 
(Figure 1.4). 
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Figure 1.4 - Architecture d'une tresse biaxiale [11]. 
L'annexe A presente quelques relations simples permettant d'estimer certains 
parametres importants comme Tangle de tressage, l'espacement entre les meches, la 
geometrie d'ondulation et le taux volumique des fibres [11-14]. 
1.1.2.1 Tubes composites 
Les tubes sont caracterises par leur longueur et leurs diametres exterieur et interieur. 
Pour etudier un tube composite, il faut faire une difference entre un tube a paroi mince et 
a paroi epaisse. Le rapport entre l'epaisseur e (la demi-difference entre les deux 
diametres) et le diametre moyen 2r (la demi-somme des deux diametres) definit le type 
de tube. Si le rapport est inferieur a un dixieme, on considere que le tube est mince, 
sinon on dit qu'il est epais (Figure 1.5). Cette difference est importante pour etudier le 
comportement du tube dans la troisieme direction (selon l'epaisseur). 
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Figure 1.5 - Tube composite a renfort tresse [15]. 
Dans une tresse tubulaire, le diametre des plis augmente de Tinterieur vers Pexterieur. 
Ceci modifie Tangle de tressage de chaque pli selon la relation suivante pour les plis 1 et 
2 par exemple : 
A sin 6, 
D, sinO, 
(1.1) 
Generalement, les chercheurs qui travaillent sur les tubes composites fabriques a partir 
d'une tresse tubulaire specifient Tangle de tressage du pli interieur et Tepaisseur du tube 
[4, 5, 15-17]. Connaissant le diametre interieur, on peut en deduire les autres angles a 
Taide de T equation (1.1). 
Le mode de rupture et la contrainte limite des tubes composites renforces par des tresses 
tubulaires dependent de T architecture de la tresse, de la matrice utilisee et de la direction 
de la charge appliquee. Harte [16] a teste des tubes tresses minces en verre/epoxy pour 
des angles initiaux (interieurs) differents en traction, compression, torsion et pour des 
charges combinees. L'annexe B resume les modes de ruptures pour chaque type de 
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charge et chaque intervalle d'angle observes dans les travaux de Harte [15-17] et Quek 
etal. [18]. 
1.1.2.2 Ressorts helicoidaux composites 
Cette section resume brievement les principaux travaux sur les ressorts composites 
helicoidaux. Les ressorts en materiaux composites ont ete utilises d'abord pour 
remplacer les ressorts metalliques a lame des suspensions automobiles [19], puis pour 
les ressorts cylindriques. L'idee d'utiliser les materiaux composites pour des ressorts 
helicoidaux est venue apres la reussite des applications precedentes. Plusieurs 
compagnies ont essaye de fabriquer ce type de ressorts pour des applications 
industrielles, mais les precedes de fabrication de la plupart d'entre elles sont restes 
confidentiels. 
Differents travaux ont ete menes sur la conception et la caracterisation des proprietes 
mecaniques des ressorts composites. Gobbi et Mastinu [20] ont applique la methode 
d'optimisation multicriteres pour la conception de ressorts helicoidaux composites 
minces. Un modele mathematique a ete developpe et valide par des resultats 
experimentaux. La methode d'optimisation multicriteres a aussi ete appliquee a la 
conception optimale de ressorts helicoidaux en composite par Lecarpentier [4] et Ratle 
et al. [21]. Recemment, Zebdi [5] a fabrique et caracterise experimentalement des tubes 
et ressorts composites epais fabriques par la methode originale developpee par la 
compagnie Composite Atlantic Ltd. II a observe que ce type de ressort peut etre 
endommage par cisaillement interlaminaire et, comme le montre la Figure 1.6, la zone la 
plus sollicitee est la zone interieure. Ces observations ont ete prevues numeriquement 
par Zebdi (Figure 1.7). 
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Blanchissement (debut de rupture) 
Figure 1.6 - Mode d'endommagement du 
ressort composite [5]. 
Zone 
dangereuse 
Figure 1.7 - Zones les plus sollicitees 
dans un ressort [5]. 
1.2 Conception des ressorts helicoi'daux composites 
Les ressorts helicoi'daux sont en general fabriques avec un fil metallique de section 
circulaire pleine. L'adoption d'un fil a section circulaire creuse en materiau composite 
peut reduire le poids du ressort d'une facon significative sans affecter sa performance 
mecanique. La conception d'un ressort helicoi'dal tubulaire en materiau composite fait 
intervenir deux families de parametres : parametres geometriques comme le diametre du 
fil, son epaisseur, le diametre d'enroulement et le nombre de spires; parametres du 
materiau relies a l'architecture des fibres (tressage, ondulation) et a la matrice polymere. 
L'objectif est ici d'utiliser les materiaux composites pour les ressorts helicoi'daux afin de 
minimiser le poids et maximiser la raideur du ressort. 
Le concepteur doit preciser les parametres suivants : diametre d'enroulement D, 
diametre interieur du fil du ressort dinh nombre de spires actives N, nombre de plis np du 
stratifie constituant le tube creux, epaisseur e du tube et orientation des fibres afin de 
parvenir au meilleur compromis possible entre les deux objectifs conflictuels que 
constituent le poids et la raideur. Une methode par essais et erreurs s'avere peu efficace 
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et couteuse, sachant que la fabrication des ressorts composites est onereuse et que le 
nombre de parametres a fixer est grand. C'est pourquoi une technique de conception, 
appelee methode d'optimisation multicriteres («Multi-Objective Programming}) - MOP), 
sera mise en oeuvre afin d'harmoniser des criteres de conception conflictuels comme la 
masse et la raideur pour arriver a une solution optimale. 
Les sections suivantes presentent les parametres geometriques et les proprietes 
mecaniques d'un ressort helicoi'dal a section circulaire creuse, ainsi que le principe de la 
methode d'optimisation multicriteres adoptee dans la demarche de conception. 
1.2.1 Ressort helicoi'dal tubulaire 
Certaines applications exigent, comme dans le domaine electrique par exemple, 
d'utiliser des ressorts de section circulaire creuse. Ainsi, pour les ressorts helicoi'daux en 
composite, le type de composite utilise est souvent une structure tressee tubulaire. En 
suivant la meme approche que dans 1'annexe C pour un ressort a fil plein, les parametres 
geometriques et mecaniques d'un ressort helicoi'dal a section circulaire creuse decrits a 
la Figure 1.8 sont donnes par les relations suivantes : 
epaisseur de la section creuse [mm] : e = (dext - do)/2 (1.2) 
indice du ressort: C = D/dex, (13) 
G(dl-dt) 
8M)3 
charge [N] : ^ = £ 5 (1.5) 
raideur [N/mm] : K= \''fr 3 °' (1.4) 
facteur de concentration de contrainte de Wahl : k = h — (1.6) 
4 C - 4 C 
8PZ) 
contrainte de cisaillement [MPa] : x = k—T— rr (1.7) 
pas d'helice [mm] : p = (l0- 2dext)/N (1.8) 
angle d'helice [rad] : a = arctan ^An (1.9) 
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masse du ressort [g] m — pnD\ 
N 




Les relations (1.2) a (1.10) font intervenir les notations suivantes : 
D [mm] : diametre d'enroulement moyen du ressort 
dex, [mm] : diametre exterieur du fil 
do [mm] : diametre inferieur du fil 
G [MPa] : module de cisaillement du materiau 
lo [mm] : hauteur libre 
N: nombre de spires actives 
Nj: nombre de spires inactives 
8 [mm] : deflection totale du ressort 
p [g/mm ] : densite du materiau 
Section tubulaire 
Diametre d'enroulement moyen 
Angle d'helice Epaisseur 
Figure 1.8 - Parametres geometriques d'un ressort a fil creux. 
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1.2.2 Optimisation multicriteres 
Generalement, le concepteur est confronte a plusieurs problemes. II doit considerer des 
contraintes sur differents parametres pour ameliorer des objectifs souvent 
contradictoires. C'est ce que Ton appelle un probleme d'optimisation multicriteres. Sur 
le plan mathematique, ce type de probleme (exemple de minimisation) se formule 
comme suit [20] : 
minimiser f(x) avec xe R" sous les conditions suivantes : 
J gt(x) = 0, i = l,...,me, 
g,(x)<0, i = me+l,....,m, 
<x&X, 
avec 
f(x) = [fi(xXf2(x)'--fk(x)] vecteur des kfonctions-objectives 
x = [Xj,x2,...,xnJ vecteur des n parametres 
gt(x) inegalite des m fonctions-contraintes 
X gamme de valeurs des parametres 
Pour un ressort helicoi'dal, x est le vecteur des elements caracteristiques du ressort, qui 
comprend le diametre d'enroulement D, le diametre interieur diM, l'epaisseur du stratifie 
e, le nombre de spires N, nombre de pli du composite np et Tangle de tressage 0. 
La methode d'optimisation multicriteres employee ici fait appel aux algorithmes 
genetiques qui peuvent resoudre ce type de probleme. Dans un algorithme genetique, on 
considere chaque solution du probleme comme un individu d'une population. A partir 
d'une population initiale, l'aptitude de chaque element a satisfaire le probleme est 
evaluee a l'aide d'une fonction dite d'adaptation. Par des operations de croisement et 
mutation [22], une nouvelle generation (fils) est creee a partir des solutions existantes 
(parents). La solution optimale d'un probleme multicriteres est generalement definie par 
un ensemble d'individus, qui est appele l'ensemble de Pareto. 
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1.2.2.1 Ensemble de Pareto 
L'ensemble optimal des points du Pareto est considere comme une solution 
mathematique d'un probleme d'optimisation multicriteres. Les points optimaux de 
Pareto sont egalement appeles points efficaces ou non domines. Ceci represente une 
maniere de ranger les individus parmi une certaine generation. Soit x et y deux 
individus : l'individu x est dit dominant au sens de Pareto par rapport a y si x n'est pas 
plus mauvais que y par rapport a tous les objectifs, mais strictement meilleur que y pour 
au mo ins un objectif. Cette maniere de comparer les individus permet a 1'algorithme de 
selectionner les meilleures solutions de compromis en considerant simultanement tous 
les criteres [20, 21]. 
1.2.2.2 Algorithme NSGA-II 
II existe de nombreux algorithmes d'optimisation multicriteres. Deb et al. [23] ont 
propose un algorithme appele NSGA-II (i(Non-dominated Sorting Genetic Algorithm)}), 
dans lequel un nouveau choix de solutions est obtenu par tournoi stochastique a 
l'interieur de l'ensemble. Cette approche rend 1'algorithme tres selectif. Les auteurs ont 
prouve que la convergence etait alors plus rapide que pour d'autres strategies 
d'evolution fondees sur la non-domination des individus. Ceci assure une meilleure 
distribution des solutions sur le front de Pareto. Plusieurs chercheurs ont employe cet 
algorithme avec succes pour trouver une solution optimale multicriteres a differents 
problemes [24, 25]. 
1.2.3 Applications 
Gobbi et Mastinu [20] ont applique la methode d'optimisation multicriteres pour 
optimiser le comportement dynamique des vehicules routiers a suspension passive. A 
cette fin, ils ont etudie le comportement d'un ressort soumis a une compression axiale. A 
cause des limitations du procede de fabrication, les ressorts composites fabriques dans 
cette etude avaient des epaisseurs tres faibles. L'analyse a porte toutefois sur un stratifie 
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dont la sequence d'empilement est fondee sur des couches tressees avec un meme angle 
de tressage, ce qui simplifie l'expression de la matrice de rigidite. 
Differents materiaux ont ete examines : acier, carbone/epoxy et verre/epoxy. On cherche 
a minimiser la masse tout en maximisant la raideur du ressort. Les parametres 
geometriques sont les suivants: la longueur libre du ressort k, le diametre 
d'enroulement D, Tangle de l'helice a, le diametre tubulaire d (ou diametre interieur du 
fil), Tepaisseur du fil e, le nombre de plis np et Tangle de tressage des fibres 9. Les 
contraintes a respecter dans la conception sont les suivantes : les conditions de stabilite 
globale et locale pour eviter le phenomene de flambage, la valeur limite des frequences 
de resonance et enfm le critere de rupture du materiau (le critere quadratique de Tsai'-
Hill sera utilise ici). Par ailleurs, on impose une deflection du ressort d'au moins 
200 mm et une longueur libre inferieure a 300 mm. On peut noter sur la Figure 1.9 le 
gain apporte par les ressorts tubulaires en verre/epoxy et carbone/epoxy par rapport aux 
ressorts en acier a tube plein. 
masse / masse 
tie reference 1 -6 
D = 60 mm, d = 6 mm 
05=15°, e = 2mm 
N = 4.5, l0= 230 mm 
6 couches a±35° 
D = 60 mm, d = 6mm, 
0!= 15°, e = 1.5mm, 
N = 4, lo= 230 mm 
6 couches a±35° 
D = 60 mm, d = 2.5 mm, 
0!= 25°, e = 0.6 mm, 
N = 3 , 1^2101^11. 
4 couches a±25° 
D=100mm,d = 4.5mm, 
oi=10°, e = 0.7mm, 
N = 4, h= 220 mm 
D = 100 mm, d = 4.5 mm, 
Oi=10°, e = 0.25 mm, 
















0 0.S 1 1,5 2 
raicleiir cle reference /raideur 
Figure 1.9- Comparaison de la masse en fonction de la raideur du ressort par rapport a 
un ressort de reference en acier de masse mo et de raideur kg pour 3 materiaux [20]. 
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Les ressorts composites optimaux ont generalement des angles de tressage entre 25 et 
35° avec 4 a 6 couches de renfort. L'angle d'helice a optimal est de l'ordre de 15°, plus 
grand que pour l'acier, car les materiaux composites utilises sont moins rigides (leur 
module de cisaillement Gxy, est plus faible). Toutefois, cette etude ne traite qu'une 
gamme limitee de materiaux composites a cause des faibles epaisseurs obtenues lors de 
la fabrication. Dans le cas des ressorts composites epais, les angles de tressage varient 
d'une couche a l'autre du stratifie. Ceci permet d'ajouter des degres de liberte dans la 
recherche du ressort optimal. Noter que le modele de Gobbi et Mastinu ne peut etre 
applique pour des ressorts avec des angles de tressage variables. 
D'autres chercheurs comme Kim et al. [26] ont concu des ressorts composites d'une 
facon simple au moyen d'un calcul analytique des proprietes elastiques de la tresse 
utilisee. Ce modele est fonde sur la theorie des stratifies et sur les proprietes d'une 
cellule de tresse unitaire. La raideur predite est determinee en calculant le module de 
cisaillement equivalent du materiau composite. Une bonne correlation a ete observee 
entre les raideurs predites et experimentales. Cette methode analytique de conception est 
efficace pour des ressorts de faibles epaisseurs, mais dans le cas de ressorts plus epais 
avec des angles de tressage variables, le modele devient plus complique et difficile a 
resoudre. 
1.3 Fabrication des ressorts composites helicoi'daux 
Plusieurs tentatives de fabrication de ressorts composites ont ete decrites dans la 
litterature. Trois methodes de fabrication ont ete principalement utilisees. Le premier 
precede est manuel: les tresses sont impregnees a la main ou par immersion d'une tresse 
enroulee sur un moule helicoi'dal directement dans la resine. Gobbi et Mastinu [20] ont 
impregne manuellement des renforts tresses avec une resine epoxy apres avoir insere un 
tube mince de silicone dans l'element tubulaire. Ce tube de silicone est rempli avec du 
sable pour conserver une forme circulaire a la section du fil de ressort. La 
polymerisation a lieu sur un tambour cannele, usine pour enrouler le ressort helicoi'dal. 
20 
Le tube de silicone ne peut pas etre enleve apres la fabrication. Toutefois, sa faible 
rigidite n'a pas d'influence sur les caracteristiques mecaniques du ressort. La Figure 1.10 
montre un ressort composite fabrique selon cette procedure. 
Figure 1.10 - Ressort composite fabrique par impregnation manuelle [20]. 
La deuxieme approche est le procede RTM («Resin Transfer Molding))), qui consiste a 
injecter la resine sur le renfort contenu dans un moule ferme. Kim et al. [26] ont utilise 
cette methode pour fabriquer des petits ressorts d'une hauteur de 120 mm avec un 
diametre de fil plein de 5 mm (Figure 1.11). Le moule est compose de cinq pieces 
interieures et exterieures (Figure 1.12). Le fil du ressort est constitue d'une tresse 2D 
tubulaire, qui enveloppe des fibres axiales disposees a l'interieur. 
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Figure 1.11 - Ressort composite fabrique par RTM [26]. 
Btemi 
a) b) 
Figure 1.12 - Pieces du moule (RTM) pour le ressort composite [26]. 
Ces deux methodes de fabrication restent limitees a des ressorts a paroi mince et de 
faible rigidite, car l'impregnation manuelle ne permet pas de bien impregner plusieurs 
couches de tresses superposees. Dans le cas de Kim [26], si on agrandit le diametre du 
fil du ressort, il devient tres difficile, voire impossible, de demouler une piece, qui est 
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devenue tres rigide en raison de son epaisseur plus grande. Zebdi [5] a fabrique des 
ressorts epais et plus rigides selon la methode developpee par la compagnie Composite 
Atlantic Ltd utilisant une variante du procede RTM. Ces ressorts fabriques en fibres de 
verre tressees avec une matrice epoxy ont une raideur moyenne de 36.2 N/mm avec une 
variabilite acceptable, qui illustre la reproductibilite de la methode de fabrication utilisee 
(Figure 1.13). 
Figure 1.13 - Ressorts composites fabriques [5]. 
Si les parametres de fabrication ne sont pas correctement choisis, ces ressorts peuvent 
presenter certains defauts geometriques, comme des bulles d'air et des accumulations de 
resine sur des portions des faces inferieures. Ces problemes sont illustres aux Figures 
1.14 et 1.15 et peuvent etre dus au manque d'etancheite des differentes pieces du moule 
ou a une mauvaise compaction des fibres. 
Figure 1.14 - Bulles d'air [5]. 
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Figure 1.15 - Accumulation locale de resine [5]. 
Afin de comprendre le comportement des ressorts composites tresses tubulaires, on 
presente dans les sections suivantes un resume sur les proprietes des composites tresses, 
ainsi que les principaux parametres qui gouvernent leur comportement mecanique. 
1.4 Comportement mecanique des composites tresses 
Les composites a base de renforts tresses existent sous forme de plaques, mais le plus 
souvent c'est sous forme tubulaire dans des tubes ou des ressorts helicoi'daux qu'on les 
rencontre. Leur comportement mecanique est influence par l'architecture de base de la 
tresse. Dans ce qui suit, on presente 1'influence de quelques parametres importants sur le 
comportement mecanique des composites tresses. 
1.4.1 Effet de Tangle de tressage 
L'angle de tressage a une grande influence sur les proprietes mecaniques des composites 
a renforts tresses. Plus Tangle de tressage est faible, plus la direction des fibres 
s'approche de l'axe longitudinal de la tresse x et plus le module longitudinal de traction 
est eleve (Figures 1.16 et 1.17). On constate que la variation avec Tangle du module 
longitudinal est plus importante pour les angles de tressage plus faibles que pour les 
angles proches de 90°, et inversement pour le module transversal. Dans la Figure 1.16, 
on remarque que Tangle de 45° est une valeur caracteristique des tresses 2D pour une 
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Figure 1.16 - Variation des modules d'un composite tresse 
2D avec Tangle de tressage [27]. 
Figure 1.17 - Systeme 
d'axes d'une tresse 2D. 
Huang [28] a developpe un modele pour predire les proprietes mecaniques des 
composites renforces par des tissus et des tresses. Quelques figures resument l'effet de 
Tangle de tressage sur les proprietes des composites. Des comparaisons sont faites avec 
d'autres travaux. Par exemple, la Figure 1.18 montre Tinfluence de Tangle de tressage 
sur les coefficients de Poisson. Dans le plan x-y, Tinfluence est significative en raison 
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Figure 1.18- Variation des coefficients de Poisson selon les differentes directions 
croisees d'un composite tresse 2D avec Tangle de tressage [28]. 
1.4.2 Effet du taux de fibres 
Le taux de fibres est l'un des parametres les plus importants dans les structures 
composites. Les modules augmentent avec le taux de fibres; par contre, les coefficients 
de Poisson diminuent. Zuorong et al. [29] ont etudie les proprietes elastiques d'une 
tresse tridimensionnelle et ont confirme cette remarque tel qu'illustre par les Figures 
1.19 et 1.20. Dans la Figure 1.19, on voit que pour de faibles angles de tressage, l'effet 
de Tangle est dominant sur Ex. Quand Tangle de tressage augmente, le taux de fibres et 
son effet sur Ex deviennent plus importants. La Figure 1.20 montre que l'influence du 
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Figure 1.19- Variation du module longitudinal en fonction de Tangle de tressage 
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Figure 1.20 - Variation du coefficient de Poisson vyz en fonction de Tangle de tressage 
et du taux de fibres [29]. 
1.4.3 Prediction des proprietes mecaniques des composites tisses et tresses 
II n'existe pas de theorie pour le calcul des composites tisses ou tresses. Generalement, 
on simplifie un composite tresse en le representant un composite unidirectionnel 
equivalent. Ceci revient a negliger Teffet de Tondulation et de cisaillement des fibres [3, 
5]. Par contre, plusieurs chercheurs ont developpe des methodes analytiques en 
considerant la geometrie de Tondulation comme sinuso'idale ou circulaire et en 
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negligeant l'effet de cisaillement des meches [28, 30-33]. Ces etudes ont montre une 
bonne correlation entre les proprietes thermoelastiques predites et les resultats 
experimentaux, mais elles restent loin de la realite du comportement des composites 
tisses ou tresses. Le modele developpe par Naik et al. [30] a ete utilise pour predire le 
comportement de 12 composites tisses. Les auteurs ont conclu que le rapport de 
l'epaisseur de la meche des fibres sur sa largeur a une influence significative sur les 
proprietes thermoelastiques. Naik [31] a developpe un logiciel appele Textile Composite 
Analysis for Design «TEXCAD» pour predire les proprietes mecaniques des 
composites tisses et des composites tresses triaxiaux. Sur la base des resultats des 
composites tisses, les auteurs ont remarque que pour la meme taille de meches et le 
meme espacement, une augmentation de 3.3 % du taux de fibres n'a pas change la 
resistance en cisaillement, mais les resistances en tension et compression ont chute. 
Cette diminution de resistance est attribuable a l'architecture du renfort, car 
l'augmentation du taux de fibres entraine une augmentation de Tangle d'ondulation qui 
a cause une rupture en cisaillement longitudinal dans les meches. Ces resultats sur les 
composites tresses ont indique que la resistance en tension reste inchangee avec 
l'espacement entre les fibres axiales et augmente avec la fraction volumique de fibres. 
D'autres chercheurs ont applique des methodes numeriques en considerant deux plis 
ondules pour predire les proprietes elastiques des composites tisses. Les resultats ont 
montre une bonne correlation avec l'experience [34-37]. Ces modeles numeriques 
impliquent l'utilisation de la methode des elements finis tridimensionnels pour analyser 
le comportement elastique et determiner les proprietes mecaniques des composites 
tisses. En general, cette approche suppose le developpement d'un modele 
tridimensionnel detaille de l'architecture du composite tisse. Normalement, ces modeles 
demandent plusieurs milliers d'elements juste pour modeliser une cellule unitaire [34]. 
En general, en raison de la symetrie geometrique d'architecture du composite, l'analyse 
par elements finis est effectuee sur un quart de la cellule unitaire du renfort 
(Figure 1.21). 
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Ligne de symetrie 
geometrique du materiau 
Cellule unitaire Un quart de la cellule 
Figure 1.21 - Cellule unitaire d'un composite tisse [35]. 
Srirengan et al. [36] ont developpe une approche fondee sur l'analyse modale qui facilite 
l'analyse des contraintes tridimensionnelles des structures composites. Lee et al. [37] ont 
propose une approche numerique pour l'analyse tridimensionnelle des materiaux 
composites tisses au moyen d'un modele d'elements finis. Une bonne concordance a ete 
observee entre les proprietes calculees et 1'experience. Les constantes elastiques qui ne 
peuvent pas etre obtenues experimentalement sont egalement determinees avec le 
modele. Cette caracterisation virtuelle des composites tisses permet de predire les 
proprietes mecaniques de structures composites avec des conditions de charge 
complexes. La difference entre la forme sinusoi'dale des meches modelisees et la realite 
a une influence sur les resultats. Pour minimiser cet ecart, il faut augmenter la precision 
des calculs. 
En pratique, l'effet de l'architecture des fibres dans les materiaux composites est 
complexe. Dans les travaux de Charlebois et al. [3], les valeurs experimentales des 
modules des composites tresses sont plus elevees que celles predites pour les stratifies 
equivalents. Sachant que l'ondulation des meches a pour effet de diminuer le module 
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[38], ceci n'est done pas la cause de 1'augmentation du module pour un composite a 
renfort tresse. L'entrecroisement des meches peut probablement expliquer ce resultat en 
limitant le deplacement des meches les unes par rapport aux autres lors d'une 
sollicitation. La deformation est done moins importante a cause de 1'architecture du 
tissu, ce qui tend a augmenter le module [39]. 
Quelques travaux experimentaux aident egalement a mieux comprendre 1'influence de 
l'architecture des composites tisses et tresses sur les proprietes mecaniques du 
composite. Chun et al. [38] ont fabrique des plaques unidirectionnelles a ondulations 
controlees de carbone/epoxy afin de verifier experimentalement l'influence de 
l'ondulation sur les proprietes elastiques en traction et compression pour differents 
rapports de l'amplitude d'ondulation sur la periode des fibres. Plus le rapport est eleve, 
plus l'ondulation est severe. Lorsque le rapport d'ondulation augmente, les modules 
chutent de facon marquee. Lorsque Pechantillon est soumis a un chargement en traction, 
la severite de l'ondulation diminue au fur et a mesure que la charge augmente, ce qui a 
pour effet d'augmenter graduellement sa rigidite. Par contre, plus on augmente la charge 
en compression, le rapport d'ondulation augmente et le module devient plus faible. 
Falzon et Herszberg [40] ont realise des essais en traction, compression et cisaillement 
sur des composites a renforts tresses triaxiaux et des stratifies fabriques a partir de plis 
unidirectionnels. Les chercheurs ont constate que les composites tresses ont des rigidites 
comparables en traction et en compression, mais une reduction considerable des 
resistances a ete enregistree. Les auteurs ont aussi deduit que le coefficient de Poisson 
depend legerement de l'ondulation et de l'endommagement des fibres engendre par le 
procede de tressage. On note aussi que les coefficients de Poisson mesures en traction 
sont plus eleves que ceux qui sont observes en compression. 
1.5 Comportement des composites en fluage 
A cause du comportement viscoelastique des polymeres, les composites a matrice 
polymere sont tres influences par la temperature, la frequence, l'humidite et le 
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vieillissement. Le comportement en fluage des materiaux composites a suscite un grand 
interet chez de nombreux chercheurs. Plusieurs methodes sont utilisees pour etudier le 
fluage : le principe de superposition temps-temperature (PSTT), la methode de 
Scharpery, la methode de Findley et la theorie thermique de l'energie d'activation [41]. 
II y a deux facons possibles d'etudier l'influence de la temperature sur le comportement 
mecanique des materiaux : l'essai a long terme pour mesurer la reponse du materiau 
d'une fa9on directe [42] et les essais a court terme qui permettent de predire le 
comportement a long terme en appliquant le concept PSTT [43-45]. 
Findely [42] a publie des resultats de tests de fluage sur deux thermoplastiques pendant 
une duree de 230 000 heures (26 ans). Une loi de puissance a ete elaboree pour predire 
le comportement en fluage de ces materiaux. Le chercheur a note que le vieillissement 
pour environ 130 000 heures a legerement reduit le taux de fluage, mais que le taux de 
recouvrance reste inchange. Parallelement a Findely, d'autres chercheurs ont oriente 
leurs efforts sur la procedure d'acceleration du phenomene de fluage en faisant un 
balayage en temperature. Cette procedure de prediction du comportement en fluage a 
long terme est le fondement du PSTT. Ce principe a ete applique avec succes sur un 
grand nombre de polymeres [46]. Le PSTT a ete developpe dans les annees 50 pour les 
plastiques non renforces [43]. Par la suite, d'autres chercheurs comme Morris et al. [44] 
par exemple ont applique ce principe pour etudier le comportement viscoelastique des 
materiaux composites unidirectionnels graphite/epoxy. Leurs travaux ont montre que le 
facteur de translation est independant de l'orientation des fibres. Katouzian et al. [47] 
ont utilise avec succes la methode non lineaire de Schapery sur deux composites, un a 
matrice thermodurcissable et 1'autre a matrice thermoplastique. Ces chercheurs ont pu 
montrer que la reponse instantanee est lineaire et independante de la temperature pour 
les niveaux de contraintes appliquees. lis ont aussi conclu que la reponse de transition en 
fluage pour les deux composites sous une contrainte de cisaillement interlaminaire 
montre une sensibilite a la temperature plus elevee comparativement a la contrainte 
normale transversale. Recemment, Goertzen et Kessler [45] ont montre que le facteur de 
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translation des courbes de fluage peut etre predit a l'aide de Fenergie d'activation sans 
realiser plusieurs tests de fluage. Cependant, leur prediction reste valable uniquement a 
des temperatures inferieures a Tg. Enfm, Hu [48] a elabore une approche pour obtenir un 
facteur de superposition des courbes maitresses pour des composites unidirectionnels 
(UD) orientes. Avec ce facteur, il est possible, a partir d'un seul test sur un composite 
UD pour une orientation donnee, de construire la courbe maitresse pour n'importe quelle 
autre orientation. 
1.5.1 Principe de superposition temps-temperature (PSTT) 
Dans un essai de fluage, la deformation de Fechantillon est mesuree par l'application 
d'une contrainte constante. Le rapport de la deformation sur la contrainte est appele 
souplesse en fluage, notee par J. Le test d'analyse mecanique dynamique (DMA) est un 
moyen simple et efficace pour realiser des essais en fluage et permet d'appliquer 
differentes temperatures pour le meme niveau de contrainte. En appliquant le PSTT, le 
comportement du materiau a une temperature To a Finstant to est le meme a la 
temperature T mais a l'instant t = to/ ar. Les souplesses de fluage obtenues pour les 
deux temperatures To et T peuvent alors etre reliees par la relation suivante : 
j{t0,T0) = bTJ 
'' t ^ 
\aT J 
(1.11) 
ou ar represente le facteur de translation horizontale. Le rapport to/ar est appele le temps 
reduit sur une echelle logarithmique, la valeur de log(ar) correspond aux translations 
horizontales des courbes de fluage. Le parametre br = poTolpT represente, toujours sur 
echelle logarithmique, la translation verticale, ou po et p sont respectivement les densites 
du materiau aux temperatures To et T. Pour la plupart des solides, la variation des 






Figure 1.22 - Principe de superposition temps-temperature. 
La premiere expression du facteur de translation horizontale a ete developpee par 
Williams, Landel et Ferry [43] ; la formule est connue sous le vocable de l'equation 
WLF. L'expression du facteur de translation horizontale dans le domaine [Tg, Tg +100 




ou cj et C2 sont des constantes dependantes du polymere. Noter que la temperature de 
reference peut etre differente de la temperature de transition vitreuse ; il suffit alors juste 
de modifier les valeurs des constantes cj et c .̂ Au-dessous de la temperature de 
transition vitreuse, l'expression du facteur de translation est decrite par la relation du 
type Arrhenius [45, 51] : 
log(ar)= 
-AE 
2.303 xR T 
1 
(1.13) 
• ref J 




= energie d'activation [kJ/mole], 
= constante des gaz parfaits, 
= temperature [°K], 
= temperature de reference [°K]. 
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L'utilisation de la technique de translation des courbes pour une variable comme la 
temperature permet de creer une nouvelle courbe maitresse pour une temperature de 
reference Tref. Cette courbe maitresse peut decrire le comportement du materiau pendant 
des centaines d'annees. 
Le concept du PSTT est fonde sur la superposition des courbes de fluage pour chaque 
temperature ou un effet peut etre observe sur le comportement et le temps de reponse du 
materiau. Pour une temperature de reference Trif pour laquelle la courbe du 
comportement du materiau est tracee, l'effet des temperatures superieures est equivalent 
a un retrecissement du temps reel d'essai a la temperature Trq et a un etirement a des 
temperatures inferieures [41]. Ce principe permet de predire le comportement des 
materiaux en fluage a long terme et evite de nombreux essais couteux et non pratiques. 
Au debut, on realise les essais en fluage pour plusieurs isofhermes. La Figure 1.23 
montre des courbes experimentales de la souplesse en temps reel, c'est-a-dire de 
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Figure 1.23- Comportement en fluage en temps reel. 
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L'etape suivante consiste a construire la courbe maitresse, qui est obtenue par 
superposition des courbes pour chaque isotherme. La Figure 1.24 montre des courbes 
experimentales de fluage pour plusieurs isothermes enregistrees pendant un meme essai. 
La courbe maitresse sera tracee pour une temperature de reference Tre/. Dans ce cas, la 
courbe qui correspond a Tre/ne bouge pas et on deplace les courbes correspondantes aux 
temperatures superieures a droite et les courbes correspondantes aux temperatures 
inferieures a gauche. Chaque deplacement d'une courbe par rapport a la courbe de Triif 
correspond a un facteur de translation sur une echelle logarithmique (log ctr). Les valeurs 
de aj obtenues pour chaque temperature a la fin de la construction de la courbe maitresse 
permettent de construire une courbe caracteristique a la temperature de reference Trif 
pour le materiau etudie (Figure 1.25). L'energie d'activation peut etre deduite de 
1'equation (1.13) avec les valeurs du facteur de translation. Noter qu'il est possible 
d'estimer la valeur de cette energie sans construire la courbe maitresse a travers un essai 
multifrequences avec augmentation de la temperature [45, 51]. 
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Figure 1.25 - Courbe finale dormant la valeur du facteur de translation en fonction de la 
temperature. 
1.5.2 Effet de l'orientation des fibres 
Kontou et al. [52] ont analyse experimentalement en traction des composites 
unidirectionnels renforces par des fibres de verre pour trois differents taux de 
deformations et trois orientations de fibres. Les essais dynamiques ont montre que 
l'orientation des fibres n'influence pas la temperature de transition vitreuse, mais a un 
effet considerable sur l'amortissement du composite. Les fibres possedent une capacite 
d'amortissement beaucoup plus faible que la matrice. Avec l'augmentation du 
cisaillement des fibres, celles-ci perdent petit a petit le controle de la charge et la 
matrice commence a manifester son comportement amortissant (Figure 1.26). 
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I TS Arrhenius 
Ea: 388,6 kJ/mol 
Tref: 303,2 K 
Tref: 30,0 °C 
standard error: 4,397 
End condition: Finished normally 
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Figure 1.26 - Effet de l'orientation des fibres sur Pamortissement [52]. 
Raghavan et al. [53] ont incorpore un modele fonde sur la theorie de l'energie 
d'activation pour predire le comportement en fluage des composites unidirectionnels en 
carbone/epoxy. Ces chercheurs ont conclu que l'orientation des fibres n'a pas d'effet sur 
les mecanismes de fluage comme l'energie d'activation et le facteur de translation, mais 
par contre qu'il existe une influence sur l'amplitude du fluage de la matrice. En 
revanche, le facteur de translation est independant de l'orientation des fibres [44]. Ceci 
s'explique par le comportement des fibres en fluage. Selon Mallick [49], a l'exception 
des fibres de kevlar, les fibres commerciales comme les fibres de verre, carbone et de 
bore ne se deforment pas en fluage. On peut en conclure que les parametres physiques 
qui gouvernent le comportement en fluage (Tg et ai) du composite dependent 
essentiellement de la matrice. En revanche, les fibres ont une influence preponderante 
sur les proprietes elastiques de la structure, comme la rigidite par exemple. Le facteur de 
translation represente ici le parametre fondamental dans le principe de superposition 
temps-temperature : chaque courbe est translatee horizontalement par le facteur log aT 
sur une echelle logarithmique par rapport a la courbe maitresse obtenue pour une 
temperature de reference T ŷ. 
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CHAPITRE 2 - DESCRIPTION DE LA DEMARCHE DE RECHERCHE 
Cette partie presente la methodologie suivie dans cette these, qui vise a concevoir un 
ressort composite pour l'amortissement d'un vehicule sport a quatre roues motrices. A 
cette fin, le materiau du ressort sera caracterise selon une demarche en trois etapes : (1) 
le ressort helicoidal en composites tresses est conc,u par une methode d'optimisation 
multicriteres; (2) une nouvelle approche est developpee pour predire des proprietes 
mecaniques des composites tresses ; et enfin, (3) le comportement en fluage des 
materiaux composites utilises pour la fabrication des ressorts helicoi'daux est etudie. 
Cette these est presentee sous la forme de trois articles : 
Article 1: « Optimum Design of a Composite Helical Spring by Multi-Criteria 
Optimization » 
Article 2 : « An Inverse Approach Based on Laminate Theory to Calculate the 
Mechanical Properties of Braided Composites » 
Article 3 : « Creep Behaviour of Composite Woven and Braided Materials ». 
2.1 Article 1 
L'etape de conception est tres importante, parce qu'elle demontre la possibilite de 
fabriquer des ressorts composites avec la meme performance mecanique en terme de 
raideur que les ressorts metalliques. Trois materiaux composites ont ete choisis pour la 
conception du ressort: carbone/epoxy, kevlar/epoxy et verre/epoxy. La conception se 
fait en trois etapes : 
1- En premier lieu, il faut definir les caracteristiques du ressort (diametre d'enroulement 
D, diametre interieur do et longueur libre du ressort lo), les proprietes du materiau (nature 
des fibres, matrice, proprietes du composite en fonction de Tangle de tressage 0), les 
conditions de service du ressort, la rigidite requise et la charge a supporter. Nous avons 
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vu dans le premier chapitre que Tangle de tressage varie avec le diametre de la section 
tubulaire de la tresse. II est done necessaire de connaitre les proprietes mecaniques des 
plis du composite en fonction du diametre du fil du ressort. Dans cette etape, les donnees 
sur les materiaux sont obtenues par interpolation des proprietes mecaniques de 
materiaux composites comius dans la litterature. 
2- En deuxieme lieu, l'algorithme d'optimisation multicriteres sera utilise afin 
d'optimiser le ressort composite en minimisant sa masse et maximisant sa rigidite. Dans 
cet algorithme, une population initiale de ressorts est choisie aleatoirement pour une 
gamme de caracteristiques selectionnees selon le cahier des charges. Un ressort est 
defini par ses caracteristiques geometriques (diametre d'enroulement D, diametre du fil 
do, epaisseur e, pas P, nombre de spires N) et par son materiau incluant Tangle de 
tressage 6 et le nombre de plis np. L'algorithme verifie si ces ressorts respectent les 
conditions du cahier des charges et a partir des solutions acceptees, une nouvelle 
population est generee et ainsi de suite, jusqu'a ce qu'un ensemble de solutions 
optimales soient obtenues. 
3- En dernier lieu, les caracteristiques des ressorts obtenus sont enregistrees dans un 
fichier, et les courbes optimales de rigidite sont tracees en fonction de la masse pour 
chaque materiau considere. Ceci permet de choisir une solution optimale pour la 
fabrication des ressorts composites. Dans notre cas, la solution doit respecter la rigidite 
de 126 N/mm, qui est celle du ressort metallique a remplacer. 
Dans un premier temps, Toptimisation d'un ressort metallique a ete effectuee afin de 
valider et de verifier les limites du logiciel de conception, puis Toptimisation des 
ressorts composites a ete realisee dans deux cas : (1) on suppose que le ressort composite 
est construit avec des plis a angle de tressage constant. (2) on suppose que le ressort est 
construit avec des plis dont les angles de tressage sont variables. Le deuxieme cas 
represente la situation reelle ; le premier est une simplification, qui permet d'accelerer 
39 
les calculs de conception. Pour simplifier la modelisation des composites tresses, chaque 
couche tressee ±6 d'epaisseur ep est considered comme la superposition de deux 
composites unidirectionnels orientes avec des angles opposes +0 et -9 d'epaisseur ep/2. 
Dans cette simplification, on neglige l'effet d'ondulation et le cisaillement des fibres. 
Les fonctions d'interpolation des modules et de la resistance en cisaillement pour les 
differentes couches tressees ±0 ont ete obtenues a l'aide de la theorie des stratifies a 
partir des proprietes de base des fibres et de la matrice. 
2.2 Article 2 
Afin d'optimiser la conception du ressort composite, il est important d'elargir notre base 
de donnees sur les proprietes mecaniques des materiaux composites tresses. A cette fin, 
la deuxieme etape de ce projet de recherche a ete consacree a 1'etude des proprietes 
mecaniques de plaques composites renforcees par des tissus ou des tresses en fonction 
de Tangle d'orientation des fibres. Une approche inverse sera utilisee a partir de la 
theorie des stratifies pour evaluer les proprietes mecaniques du composite. Le logiciel 
mis au point predit les proprietes mecaniques de composites unidirectionnels equivalents 
a une tresse pour n'importe quel angle d'orientation des fibres. Par consequent, pour un 
materiau composite donne, connaissant 1'orientation des fibres et les proprietes 
mecaniques dans une direction, on pourra aussi calculer les proprietes pour toute autre 
orientation des fibres. Afin de valider cette approche, des plaques composites a base de 
renforts tisses et tresses ont ete fabriquees et caracterisees experimentalement pour 
mesurer les proprietes mecaniques selon differentes directions de fibres afin comparer 
les resultats experimentaux avec les predictions du logiciel. 
A partir des proprietes elastiques d'un pli unidirectionnel orthotrope, i.e., Eu, E22, Gn et 
V12 la theorie des stratifies permet de calculer les proprietes elastiques d'un stratifie (±0), 
i.e., Exx, Eyy, Gxy et vxy. A priori, si on connait Exx, Eyy, Gxy et vxy pour un stratifie (±0), 
on peut remonter aux proprietes du pli de base E\\, En, Gn et V12 en faisant un calcul 
inverse. II s'agit de transposer ce raisonnement au cas d'un composite stratifie fabrique a 
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partir de plis tresses (±0) . Supposons qu'on determine experimentalement les proprietes 
elastiques Exx, Eyy, Gxy et vxy d'un (± 30°)
B. Supposons maintenant qu'on utilise 
l'algorithme de calcul inverse de la theorie des stratifies pour remonter aux proprietes 




2. La question est la suivante : 
est-ce que les proprietes E^, E22, G
v
u et v]2 permettent de prevoir les proprietes 
elastiques d'un stratifie (±6*)B quelconque ? Afin de verifier la validite de cette 
hypothese, il faut construire d'autres stratifies (±0*)B, par exemple + 45°, ± 55°, etc., et 
comparer les resultats experimentaux au calcul inverse. Des essais experimentaux en 
traction longitudinale et transversale et en cisaillement effectues suivant les normes 
ASTM D3039 [54] et ASTM D5379-98 [55] ont permis de verifier cette hypothese. 
2.3 Article 3 
Dans P application qui nous interesse, les ressorts composites sont montes sur des 
vehicules et supportent des charges permanentes. Pour cette raison, il est important de 
caracteriser en fluage les ressorts composites a long terme. Le troisieme article porte 
done sur la caracterisation en fluage de composites. Ces plaques sont fabriquees pour 
differents angles de tressage. Les cycles de fluage sont realises a des temperatures 
isothermes comprises entre -20 °C et 210 °C avec un increment de 10 °C et pour une 
duree de 20 minutes sans periode de recouvrance. Pour chaque isotherme, une contrainte 
de 20 MPa est appliquee, e'est-a-dire que la sollicitation varie avec l'epaisseur de 
l'echantillon. Chaque echantillon destine a un essai de fluage subit un premier balyage 
en temperature a 1 Hz entre 30 °C et 210 °C avec une vitesse de 3 °C/min pour 
determiner sa temperature de transition vitreuse Tg. Un essai de fluage a long terme est 
aussi realise, dans le cas d'un composite tresse a ± 45° et + 55°, pour deux 
temperatures, a l'ambiante et a 50 °C. Les valeurs des deformations sont directement 
lues d'une facon periodique. Ce test permet de valider les facteurs de translation obtenus 
par le logiciel TTS Data Analysis lors des essais de fluage a court terme sur la machine 
DMA Q800. Le principe de superposition temps - temperature (PSTT) sera utilise ici 
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pour predire le comportement en fluage des materiaux composites testes. Ce principe 
permet de superposer les courbes de fluage pour chaque temperature qui a un effet sur le 
comportement et le temps de reponse du materiau. Pour une temperature de reference 
Trej pour laquelle la courbe de comportement du materiau est tracee, l'effet des 
temperatures superieures est equivalent au retrecissement du temps reel d'essai pour Trij 
et a un etirement pour les temperatures inferieures. Des essais de flexion jusqu'a la 
rupture seront aussi realises pour connaitre la resistance en flexion de ces composites, 
ainsi que le pourcentage de la contrainte qui sera appliquee par rapport a la contrainte 
ultime pendant les essais de fluage. Tous ces essais seront realises conformement a la 
norme ASTM D790 [56]. 
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CHAPITRE 3 - ARTICLE 1: OPTIMUM DESIGN OF A COMPOSITE HELICAL 
SPRING BY MULTI-CRITERIA OPTIMIZATION 
OUSSAMA ZEBDI, RACHID BOUKHILI AND FRANCOIS TROCHU 
Centre de recherches en plasturgie et composites (CREPEC) 
Mechanical Engineering Department 
Ecole Polytechnique de Montreal, Quebec, Canada 
3.1 Abstract 
A new methodology for the optimum design of composite helical springs with braided 
fibrous reinforcement is presented in this paper. A multi-objective evolutionary 
algorithm is implemented to optimize two conflicting goals: minimize mass and 
maximize stiffness. Several design variables that have an influence on the mechanical 
properties of the spring must be considered: the braiding angle, number of plies and the 
standard design parameters of a helical spring. Design goals are set such as for standard 
metallic springs: equivalent mechanical performance, mass reduction and comparable 
cost. Three different braided reinforcements in carbon, kevlar and glass were analyzed 
with the same epoxy matrix. In helical springs, shear plays the most important role on 
spring performance. Taking into account the shear properties of braided composites and 
a series of technological constraints, a range of composite springs was devised, among 
which an optimal spring was selected for an automotive application, namely to replace 
the metallic spring of the suspension of a sport utility vehicle. 




































braiding angle of the ith ply 
braiding angle of the inner ply 
spring index 
safety coefficient 
mean coil diameter 
wire diameter (full wire) 
inner wire diameter (hollow wire) 
external wire diameter (hollow wire) 
inner diameter of the ith ply (hollow wire) 
Young's modulus 
laminate thickness (hollow wire thickness) 
ply thickness 
shear modulus 
shear modulus (xy plane) 
stiffness (spring constant) 
Wahl's stress concentration factor 
axial free length 
mass 
number of active coils 
number of design parameters 
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Nj number of inactive coils 
np number of plies 
P axial load 
p helix pitch 
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3.3 Introduction 
Increasing requirements in the automotive industry in terms of reliability, weight 
reduction, performance and resistance to corrosion open up the possibility of substituting 
metals by composites for different types of spring components. In addition to weight 
saving, durability and resistance to corrosion, composite springs provide increased 
safety, because of the lower propagation velocity of cracks in these materials compared 
to metals. In electrotechnical applications, the electrical insulation property of some 
composite materials can also bring another benefit. 
Several investigations have been conducted to design composite helical springs and 
characterize their mechanical properties. Gobbi and Mastinu [1] applied multi-objective 
programming to the design of helical springs, in particular to composite springs with a 
hollow circular core. Given the technical specifications in term of stiffness, maximum 
deflection, etc., the method allows defining the spring geometrical and mechanical 
parameters so as to obtain the best compromise between conflicting goals (such as 
minimum mass and maximum strength for example). Constraints can be added on local 
and global stability, resonance frequency, etc. A mathematical model was developed and 
validated. Yokota et al. [2] formulated an optimal weight design problem for helical 
metallic springs with constraints on the allowable shearing stress, number of active coils 
and coil mean diameter. Formulated as an integer programming problem with nonlinear 
constraints, it was solved by a genetic algorithm. Multi-objective optimization was also 
applied to the optimal design of composite helical springs by Lecarpentier [3] and Ratle 
et al. [4]. In an experimental investigation by Charlebois et al. [5] the mechanical 
properties of braided composites were measured for several braiding angles. Note that 
Harte and Fleck [6, 7] characterized the mechanical properties of tubular braided 
composites in tension, compression and shear. Zebdi [8] characterized experimentally 
tubular and helical composite springs. Recently, Ruiz and Trochu [9] are proposed a 
comprehensive curing optimization algorithm implementing an evolutionary strategy 
based on genetic algorithms to reduce internal stresses during composite processing and 
46 
different optimization schemes with thermo-elastic and viscoelastic models of the 
composite mechanical properties are studied. All these investigations have provided 
valuable information on the design of composite helical springs, which is the purpose of 
this investigation. 
In this paper, the design of composite helical springs is optimized by minimizing mass 
and maximizing stiffness. Since the optimization algorithm must take into account these 
two opposite goals, a multi-criteria optimization technique was implemented. In our 
case, the two conflicting objectives, mass and stiffness, depend on several factors: 
geometrical characteristics of the spring, 
fiber volume fraction, 
fiber orientations, 
- type of fiber (glass, carbon, etc ...), 
- properties of the resin, 
number of plies. 
It is important to set the above parameters in order to optimize the design of the 
composite helical spring and meet the specifications of a given application, namely here, 
the suspension of a sport utility vehicle. In this paper, multi-objective optimization is 
coupled with genetic algorithms to find the best hollow helical composite spring, i.e., 
with minimal mass and maximum stiffness. 
To achieve this goal, a short reminder on tubular helical spring parameters is necessary 
before describing the design procedure for this type of composite structure. The most 
important equations will first be presented, followed by the design methodology. Note 
that a simplification is considered here to facilitate the calculations in the case of a 
braided reinforcement. After presenting a summary on multi-criteria optimization, the 
algorithm is implemented to design the composite spring. Results are discussed for two 
different laminates, carbon-epoxy and glass-epoxy. Finally, a composite helical spring is 
chosen for the application considered. 
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3.4 Tubular helical springs 
A tubular helical spring is made out of a cylindrical tube rolled into a spiral and usually 
subjected to an axial force. A helical spring is capable of storing a large quantity of 
elastic energy for a relatively small material volume. The design of metal or composite 
tubular helical springs is based on material properties such as the shear modulus and 
maximum shear stress of the material, and a series of design parameters: mean coil 
spring diameter D, inner diameter (for hollow wire) do, wire thickness e, number of 
active coils N, helix pitch p and angle a, spring index C and axial free length /<?. 
Figure 3.1 illustrates graphically some of these design parameters. 
wire tubular section 
mean coil spring diameter 
D 
helix pitch p 
1 
helix angle a hollow wire thickness 
Figure 3.1 - Geometric parameters of a spring made out of a hollow wire. 
The main design equations of a helical spring made out of a hollow cylindrical wire are 
given below [10]: 
Hollow wire thickness [mm]: e = {dext - do)/2 (3.1) 
Spring index: C = Dldext (3.2) 
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G(j 4 -d4) 
Stiffness (spring constant) [N/mm]: K = V cx' , o / (3.3) 
87VD3 
Load[N]: P = i : 5 (3.4) 
Wahl s stress concentration factor: k H (3.5) 
4 C - 4 C 
Shear stress [MPa]: x = k —r—. rr (3.6) 
Helix pitch [mm]: P = (k~ 2dext)/N (3.7) 
Helix angle [rad]: a = arctan P/yr\ (3-8) 
Spring mass [g]: m = p%D\ — ^ - + N, k ' ^ ' ~d°' (3.9) 
cos a 
Axial free length [mm] l0 - p - N + dext (3.10) 
for active coils 
3.5 Methodology 
In this paper, a software module based on multi-criteria optimization is developed to 
design composite helical springs. Three stages are necessary to achieve this goal. The 
first stage consists of identifying the range of design parameters, namely the spring 
geometrical parameters (mean diameter, inner wire diameter, etc.) and material 
characteristics (fiber, polymer matrix and composite material properties as a function of 
ply angle 6). The constraints of the application must also be specified, i.e., the maximum 
overall dimensions, nominal stiffness, maximum load, etc. Three composite materials 
will be considered in this investigation sequel: an epoxy matrix reinforced by carbon, 
kevlar and glass fibers. In the second stage, the multi-criteria algorithm is implemented 
to minimize mass and maximize stiffness. Finally, the results are discussed and the best 
material selected. 
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In the first part of this paper, in order to assess the design software capability and 
limitations, the methodology is implemented to design a helical metallic spring. 
Secondly, based of the metallic spring design, two series of calculations are carried out 
to design an equivalent composite spring. In the first one, only the nominal stiffness is 
optimized inside a larger range of overall spring dimensions. The idea here is to make 
sure that an optimal solution can be found for a given material inside the range of design 
parameters considered. As a matter of fact, if there are too many constraints and limiting 
conditions, it is possible that no optimal solution be found. In this case, a second 
calculation may be carried out after relaxing the overall limiting conditions. If no 
optimal solution is still found, a different composite material may then be selected. 
3.5.1 Implementation of genetic algorithms with multi-criteria optimization 
Several genetic algorithms may be implemented to solve multi-criteria optimization 
problems. Genetic algorithms are based by analogy on the principles of heredity: from 
an initial given population, the aptitude of each individual to satisfy the requirements of 
the optimization problem is evaluated by a cost function. By cross-breeding and 
mutation operations on the characteristics of the solutions sought, a new generation is 
generated [2], among which the most promising individuals are selected. 
3.5.1.1 Definition of Pareto set 
The solution of multi-criteria optimization problems is generally described by a group of 
elements, which is called the Pareto set. The points of the Pareto set are called efficient, 
non-dominated or non-inferior points. This represents a way of ranking the individuals 
of a given generation. Let x and y be two individuals of a generation. In the optimization 
problem, individual x is said to be Pareto-dominant overy, if x is not worse thany with 
respect to all objectives and strictly better than y for at least one objective. This way of 
comparing individuals enables the algorithm to pick the best compromise solutions by 
considering all optimization criteria at once [1,4]. 
50 
3.5.1.2 Description of NSGA-II algorithm 
Deb et al. [11] proposed an algorithm called NSGA-II {Non-dominated Sorting Genetic 
Algorithm), in which the selection is carried out by stochastic tournament, inside the set 
{parents + sons}. This approach makes the algorithm very selective. The authors showed 
that faster convergence was obtained than with other evolutionary strategies based only 
on the non-domination of individuals. This ensures a better distribution of solutions on 
the optimal curve known as the Pareto front. Several researchers have used this 
algorithm successfully to find the solutions for different multi-objective optimization 
problems [12, 13]. 
The NSGA-II algorithm is built on the software library Evolving Objects [14], which 
contains customized genetic operators. In all the numerical experiments carried out in 
this investigation, the population size is set to 200 in the iterations of the algorithm. The 
stopping criterion is the maximum number of generations, which is here 200. The 
normal mutation rate is set to \ln, where n is the space dimension of the design space, 
i.e., the number of design parameters as specified in the next section. 
3.5.2 Validation of the optimization methodology 
In the present study, we would like to replace, for the same operating conditions, a steel 
spring shock absorber of a vehicle by a composite spring. From the characteristics of the 
metallic spring, we can set the following constraints: the desired helical spring must 
have a free length lo lower than 400 mm and a nominal stiffness of at least 126 N/mm. 
The goal will be to find an equivalent composite spring with the best stiffness and lowest 
possible mass. In order to find a feasible solution, it is necessary also to verify the 
buckling behavior when coils come in contact. 
The design problem being now formulated, it is time to select the range of design 
parameters in order to implement the optimization algorithm. The first tests will be 
carried out to optimize the design of a metallic spring. This will not only allow 
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validating the algorithm, but also provide important information on its limitations. In 
particular, it will be interesting to test the robustness of the genetic algorithm with 
respect to initial generation selected and evaluate its sensitivity for the space of design 
parameters considered. Once this preliminary investigation on metallic spring 
optimization will be completed, the methodology will be implemented to composite 
spring optimization. 
3.6 Metallic spring optimization 
3.6.1 Implementation of the algorithm 
Before starting this investigation, it is important to test the algorithm and understand its 
limitations. Starting out from a given metallic spring, namely here a spring used as 
damper for a vehicle, the first stage consists of applying our design methodology to 
verify if this spring can be found by the optimization algorithm. The characteristics of 
the metallic spring that we seek to optimize are given in Table 3.1. The calculation is 
based on the analytical equations (3.1-3.9). The design parameters are set in Table 3.2 
for a full wire spring, i.e., a spring without a hollow core. In this case, dext = d and do = 0. 
Tableau 3.1 - Metallic spring characteristics 
Design parameters 
Mean coil Wire Pitch Number of 
diameter diameter p (mm) active coils N 
£>(mm) rf(mm) 





As specified in Table 3.2, two tests were carried out to optimize the metallic spring for 
two different ranges of design parameters. The optimization was carried out here with 
the four following constraints, including buckling as mentioned earlier: 
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maximum overall dimensions limited at 400 mm in height and 145 mm in diameter, 
minimal height limited at 250 mm, 
nominal stiffness of 126 N/mm with 50% tolerance, i.e., K„ - (50% of Kn) <K<Kn 
+ (50%of/Q, 
maximum load before buckling. 








































Note that buckling is considered here only for full wire helical metallic springs, because 
to our knowledge no theory is available for hollow springs, a fortiori for a composite 
one. Following analytical studies conducted for metallic helical springs, i.e., a full wire 
spring made out of an isotropic material [10], the parameters that govern buckling are 
the following: 
- fraction of free length / mean diameter IQ ID; 
- fraction of shear modulus / Young's modulus GIE; 
- nature of top and base connections of the spring. 
In our case, the springs have fixed ends. For metallic springs, buckling occurs when the 










Before implementing the algorithm for the two ranges of design parameters given in 
Table 3.2, the effect of the initial population on the final Pareto set is investigated for the 
parameter range of test 1. 
3.6.2 Effect of the initial generation 
In this design, only the parameter range of test 1 in Table 3.2 is considered. Figure 3.2 
plots on a two-dimensional graph the mass and stiffness of the individuals of the first 
and final generations when the algorithm is implemented from three different initial 
populations. Note that different individuals may have similar mass and stiffness. The 
algorithm selects arbitrarily the first generation, which is represented by points in the 
stiffness-mass space of Figure 3.2. Then the multi-criteria algorithm selects the set of 
individuals that verify the constraints. From this set of solution, the genetic algorithm 
creates a new generation, which is tested again by the multi-criteria algorithm and so on, 
until the final population is created after 200 generations. The final population, i.e., the 
Pareto set, is represented by the continuous curve obtained by the superposition of 
individuals selected by the algorithm. The solutions of the Pareto set meet the range of 
design parameters of test 1 in Table 3.2, as well as the constraints. The three 
optimizations show that the Pareto curve of the final generation is the same line for the 
three different initial generations. However, this does not mean that exactly the same 
solutions were obtained. Table 3.3 shows the final solutions obtained for the desired 
stiffness (126 N/mm) from the three different Pareto optimal sets. The error between the 
three solutions is relatively small, for example the largest relative error is 0.6% between 
the first and third tests. This demonstrates the robustness of the approach based on 
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Figure 3.2 - First and final generations for three metallic spring optimizations. 
Tableau 3.3 - Comparison between three metallic spring optimizations carried out from 






































3.6.3 Comparison of optimization results 
As specified in Table 3.2, two optimizations were carried out for the two different 
ranges of design parameters (test 1 and test 2). The idea here was to study the effect of a 
change in the range of design parameters on the optimization results. Figure 3.3 shows 
the optimal Pareto sets for the two tests carried out to optimize full wire metallic helical 
springs. 
• In the first test, the software proposed an optimal solution of minimal mass and 
maximum stiffness, namely the Pareto set obtained for the range of design parameters 
of test 1 in Table 3.2. The optimal solution was found to have the lowest possible 
mass to prevent buckling. As illustrated in Figure 3.3, the target stiffness of 
126 N/mm was reached in this test for mass of 2500 g, which is much lower than the 
mass of 8525 g of the given spring. This means that the geometry of this optimal 
solution for the same nominal stiffness is different from that of the original helical 
metallic spring. For the large space of design parameters considered in test 1, the 
optimized solution does not converge to the given metallic spring. The optimization 
software proposed a new solution for the metallic spring with a new geometry, the 
same stiffness, but with a lower mass than the original metallic spring. This shows 
that this spring taken out of an existing vehicle is not, in fact, optimal in terms of 
mass. In order to study the behavior of the algorithm, a second optimization was 
performed for the new space of design parameters listed for test 2 in Table 3.2. 
• In the second test, the parametric space was restrained to target more precisely the 
geometry of the existing metallic spring. The optimization was carried out with the 
same overall set of constraints. As shown in Figure 3.2 for test 2, the desired stiffness 
was reached, but at the upper limit of the optimal Pareto set. The mass is no longer in 
the lower range of test 1, but close to that of the target metallic spring. In conclusion, 
if there are particular design constraints to respect, the space of design parameters can 
be changed to account for these constraints, but it could be possible that no solution 
exists with the desired stiffness. Having become acquainted with the application of 
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multi-criteria optimization algorithms to optimize metallic spring design, let us now 
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Figure 3.3 - Effect of the parameter space on metallic spring design. 
3.7 Composite spring optimization 
3.7.1 Braided composite modeling 
To simplify the computer model of the braided reinforcement, each braided ply of fiber 
orientation ±6 and thickness ep is considered as the superposition of two plies with 
opposite orientations +0 and -0, and of half thickness ep/2. This simplification neglects 
the effect of fiber undulation. A software module based on Plate Laminate Theory (PLT) 
[14] was used to find the in-plane shear modulus and shear strength as a function of the 
ply angle. The unidirectional (UD) composite ply properties for each selected material 
are given as input data, together with the stacking sequence of the laminate, and then the 
58 
software calculates the stiffness matrix [Qj] as a function of the UD mechanical 
properties and ply angle 6 for each reinforcing layer of the laminate. Finally, the global 
stiffness of the laminate can be determined. 
The elastic properties are evaluated by the Plate Laminate Theory and the stress-strain 
relationship is derived. The first ply failure is based on Tsai-Wu failure theory under 
plane stress conditions. Therefore, for each ply of angle [±Q,]S of the laminate (here i is 
the number of the ply of angle ±0 ; s means that the stacking sequence is symmetrical 
with respect to the mid-plane), the elastic properties and the failure stress are calculated. 
Figures 3.4 and 3.5 plot the shear modulus and shear strength respectively, of a carbon-
epoxy laminate as a function of the braiding angle. Approximate functions of the in-
plane shear modulus and shear strength are obtained by this approach for each braided 
ply as a function of the braiding angle. As expected these functions are symmetrical 
from 0 to 90° with respect to a braiding angle of 45°, which corresponds to the 
maximum levels of shear modulus and shear strength. These functions are implemented 
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Figure 3.5 - Relation between the braiding angle and the in-plane shear strength. 
3.7.2 Tubular composite helical springs 
The following geometrical parameters are needed to design a tubular helical composite 
spring: 
D mean coil diameter spring [mm], 
do inner diameter wire [mm], 
e laminate thickness [mm], 
p pitch [mm], 
N number of active coils. 
Two cases can be considered to derive the mechanical properties of an axisymmetric 
laminate reinforced by a series of braided plies: 
a) All the plies have the same braiding angle ±6. This is an approximation, because 
the layers of a tubular braided laminate have in fact different braiding angles. 
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b) In order to consider a different braiding angle for each ply, the following formula 
may be used to deduce the braiding angle ±0; for each ply from an initial braiding 
angle 0O [4]: 
sin0, d. 
sin 80 dQ 
(3.12) 
where: 
Go braiding angle of the inner ply, 
do inner diameter of the inner ply, 
6i braiding angle of the ith ply, 
dj inner diameter of the ith ply. 
Thus only one parameter, the initial braiding angle 0o of the inner ply, is required here, 
together with the thickness ep of each ply, to deduce the braiding angles of the other 
plies. As specified in Table 3.4, the last design parameter needed is the number of plies 
np. Note that in the implementation of the genetic optimization algorithm for braided 
composites, each individual spring is described by seven design parameters: the mean 
coil diameter spring D, the inner diameter wire do, the laminate thickness e, the pitch p, 
the number of active coils N, the initial braiding angle 0o (or 0) and the number of plies 
np. 
3.7.3 Composite helical spring optimization 
The main purpose of this study is to develop a methodology to optimize the composite 
spring by minimizing its mass, while reaching the maximum possible stiffness (above 
the nominal stiffness, i.e., the desired stiffness of the application). Table 3.4 specifies the 
space of design parameters that will be considered in the evolutionary algorithm. Two 
descriptions of the composite structure can be considered in the optimization according 
to the type of stacking sequence selected: in the first case, the composite spring is 
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optimized for the same ply angle (OBA: one braiding angle); in the second case, it is 
optimized with a variable braiding angle from the inner to the external ply (MBA: 
multiple braiding angles). 
Tableau 3.4 - Range of parameters for the composite optimum design problem 
\^arameter 





































The procedure proposed to solve the multi-criteria optimization problem and design 
composite helical springs is described in the sequel. The software is based on an 
algorithm developed to minimize mass and maximize stiffness, while respecting the 
constraints coming from the technical specifications of the application (for example, 
maximum overall dimensions of the spring and its nominal stiffness). Other constraints 
can also be considered depending on the customer requirements such as the maximum 
deflection or maximum load. Tsai-Wu failure criterion is implemented assuming that the 
helical spring is subjected to torsion only. (Bending, shear and compression caused by 
the axial load can be neglected here, because of the low value of the spring helix angle 
[I])-
3.7.3.1 Description of the algorithm 
The algorithm includes four stages: 
Step 1: Create the design space 
Set limits on stiffness, mass, braided angle, number of coils, etc., as specified in 
Table 3.4 for example. 
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Step 2: Set the optimization parameters 
The size of the population, probability of mutation and number of generations are also 
set by the user. The same values as in the previous metallic spring optimization are 
selected here. Additionally, evaluation functions are added such as the ones giving the 
shear modulus and the shear strength by Plate Laminate Theory (PLT) as a function of 
the ply angle. 
Step 3: Execution ofNSGA IIAlgorithm 
Start from the first individual consisting of a series of set values for parameters do, e, D, 
p, N, np, 0o (OBA case) or 8 (MBA case) within the limits specified in step 1 and iterate. 
Step 4: Writing the final population 
After execution of the precedent step, the final population file will be created, which 
contains the best Pareto set D, do, e, p,N, np, and 0o (OBA case) or 0 (MBA case). Each 
solution, i.e., a given composite spring, from the optimal Pareto set corresponds to a 
point (stiffness, mass) in a two-dimensional space. The stiffness and mass are calculated 
by equations (3.3) and (3.9) respectively. As shown in Figure 3.2, the optimal stiffness-
mass curves in the sense of Pareto can be plotted in a two-dimensional graph: for each 
type of composite material, mass is represented along the x axis, and stiffness along the y 
axis. 
3.7.4 Implementation of the algorithm 
Table 3.5 [16] gives the material properties of the three composites considered: glass, 
carbon or kevlar fibers with epoxy matrix. These material properties were used as input 
data in the optimization algorithm for a 50% fiber volume fraction. 
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Tableau 3.5 - Unidirectional composite ply properties 
Specific mass (kg/m3) 
Longitudinal tensile strength (MPa) 
Transverse tensile strength (MPa) 
Longitudinal compressive strength (MPa) 
Transverse compressive strength (MPa) 
In-plane shear strength (MPa) 
Longitudinal elastic modulus (MPa) 
Transverse elastic modulus (MPa) 






































Depending on the description of the stacking sequence of the braided laminate, two 
types of calculations can be carried out to derive the mechanical properties of the 
composite helical springs in the optimization algorithm: OBA with one braiding angle 
for each ply, and MBA with multiple braiding angles given by equation (3.12) from an 
initial braiding angle. 
Like before for the metallic springs the optimization can be carried out with or without 
the four constraints on the maximum overall dimensions, minimum length, nominal 
stiffness and maximum load. The first tests were conducted without constraints. The 
goal was to compare the results obtained with OBA and MBA. In a second series of 
optimizations, constraints were included for the three composite materials considered. 
3.7.5 Optimization without constraints 
Figure 3.6 shows the stiffness-mass curves obtained with the optimization algorithm for 
the two options (OBA and MBA), but without the constraints considered for the metallic 
spring optimization. The two Pareto optimal sets are well superposed, i.e., the 
simplification of considering only one braiding angle does not make much of a 
difference on the Pareto solutions. However, the range of possible values is not the 
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same. Therefore it is worth performing also the MBA calculations. The best approach 
consists probably of considering the OBA case at the beginning of the design process, to 
be replaced later by MBA, which takes a significantly longer computer time, in order to 





-£• 350 b 
| 300 t 
¥ 250 t 
o h 
£ 200 b 




0 200 400 600 800 1000 1200 
Mass (g) 
Figure 3.6 - Pareto fronts obtained for the carbon-epoxy spring for the two descriptions 
of braided composites considered (OBA and MBA). 
Having defined the methodology to be followed for composite spring optimization with 
constraints, a series of calculations will now be conducted to design a composite spring 
with the three different materials considered, namely the epoxy matrix with the kevlar, 
carbon and glass fibers. The goal remains the same, i.e., to replace the metallic spring 
studied earlier by a lighter one in composite. A conflicting, but nevertheless important 
additional objective, is to ensure that the new composite spring will have the same 
mechanical performance as the metallic one, while respecting the other overall 
constraints already mentioned in metallic spring optimization. 
65 
3.8 Composite spring design 
A first optimization was conducted in the space of design parameters of Table 3.4. The 
optimized parameters turned out to give the lowest value of the mean coil diameter. 
From the stiffness point of view, the target values of the metallic spring could be 
attained, but with overall geometrical dimensions much smaller than for the metallic 
spring. Therefore, a second design was carried out to show that it would be possible, if 
needed for some reason, to respect more closely the geometry of the metallic helical 
spring. In this second design, a lower limit of 124 mm is imposed to the mean coil 
diameter. 
3.8.1 First design 
The composite helical spring is optimized for the range of parameter values of Table 3.4. 
The optimization results are shown in Figures 3.7 and 3.8. In this case, the optimization 
was carried out with nearly the same four overall constraints as in the metallic spring 
optimization (the only difference lies in the maximum height which was 400 mm for the 
metallic spring): 
maximum overall dimensions limited at 350 mm in height and 145 mm in diameter, 
minimal height limited at 250 mm, 
- nominal stiffness of 126 N/mm with 50% tolerance (i.e., K„ - (50% of i Q <K<K„ 
+ (50% ofK„)), 
- respect of Tsai-Wu criterion for the maximum load. 
• In the first case (OBA), Figure 3.7 shows that, for the same weight, the glass-epoxy 
composite gives the lowest stiffness compared to the carbon-epoxy material, closely 
followed by the kevlar-epoxy in terms of mechanical performance. This result is 
logical, because the cross-section of an axially loaded helical spring works in torsion. 
Consequently, the material with the best torsion behavior, namely the carbon-epoxy 
composite will provide the best spring characteristics. (Please refer to Table 3.5 to 
compare the mechanical properties of the three composite materials considered.) Note 
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Figure 3.7 - Pareto fronts obtained by NSGA-II algorithm for one braiding angle (OBA) 
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Figure 3.8 - Pareto fronts obtained by NSGA-II algorithm for multiple braiding angles 









• In the second case (MBA), the kevlar-epoxy solution could not be retained, because it 
did not respect Tsai-Wu criterion. Figure 3.8 shows only the carbon-epoxy and glass-
epoxy solutions. The carbon-epoxy solution for the MBA optimization is quite 
similar to the OB A solution, much like in the preliminary tests of Figure 3.6. 
However, note that glass-epoxy solution for the MBA optimization gives a larger 
optimal set than for OBA optimization. This is also consistent with the observations 
of Figure 3.6. The carbon-epoxy and glass-epoxy solutions weigh 411 g and 1406 g 
respectively for the same stiffness as the metallic spring, i.e., 126 N/mm. Note that 
the mechanically equivalent metallic spring has a total weight of 8525 g, which 
makes quite remarkable the potential gain in weight attainable with composite 
springs. 
Table 3.6 gives the range of parameters of the optimal composite helical springs 
obtained by the optimization algorithm compared to the metallic spring. The optimal sets 
of Figure 3.7 and 3.8 give the composite spring solutions of Table 3.6. All these 
solutions have a nominal stiffness of 126 N/mm as the metallic spring with a wire of 
diameter more or less smaller than 20 mm in majority cases compared to 21 mm for the 
metallic wire. The mean core diameter is also smaller of 124 mm for the metallic spring. 
The number of active coils is also smaller, between 5 and 6, instead of 8 for the metallic 
spring. The total free length of active coils lies 228 and 246 mm compared to 365 for the 
metallic spring. Hence the optimal composite springs obtained by the optimization 
algorithm have smaller overall dimensions than the "mechanically equivalent" metallic 
spring. In fact, it turned out that the mean coil diameter converged in the optimization 
algorithm to the lower limit in the parameter range and is therefore smaller than the 
mean core diameter of the metallic spring. If one would like to respect more closely the 
geometrical features of an "equivalent" metallic spring, it is possible to carry out a 
second optimization with a new range of design parameters. 
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* OBA: one braiding angle ** MBA: multiple braiding angles 
In multi-criteria algorithms, several conflicting constraints can be considered at the same 
time. For this reason, it is sometimes difficult to find optimal solutions. There is always 
a risk that calculations give irrelevant solutions or worst, simply diverge like in the 
MBA case for the kevlar-epoxy material. For this reason, in the calculations performed 
up to now, the initial range of parameters was set as large as reasonably possible to give 
more freedom to the algorithm in its search for the optimal set (Pareto front). 
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3.8.2 Second design 
A second optimization was carried out with the same overall constraints as in the first 
design, but for a new range of design parameters. The results of the OBA optimization 
diverged, i.e., only irrelevant solutions were obtained. However, the MBA optimization 
yielded a result for the carbon-epoxy and glass-epoxy composites. The stiffness-mass 
curves of the carbon-epoxy and glass-epoxy Pareto sets are plotted in Figure 3.9. The 
carbon-epoxy solution remains the best choice in term of stiffness over mass ratio. The 
glass-epoxy solution does not achieve the required nominal spring stiffness. This can be 
explained by the material properties. As a matter of fact, the spring stiffness depends on 
several parameters, among which the shear modulus of the material. From equation 
(3.3), the stiffness of a helical spring is proportional to the shear modulus. In order to 
keep the stiffness of the glass-epoxy spring (which has the lowest shear modulus) in line 
with that of the carbon-epoxy spring, one must necessarily increase the spring mass. 
However, in the second design, the volume of the spring is restricted by the geometrical 
constraints set on the design parameters. Therefore, the stiffness of the spring is limited 
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Figure 3.9 - Pareto fronts obtained by NSGA-II algorithm for multiple braiding angles 
(MBA) optimization (second design). 
3.9 Discussion 
In scope of the precedent results, springs suitable to replace the metallic helical spring 
could be chosen in the optimal set of the first design if one sets the minimization of mass 
as a primary goal. Now the optimal set obtained in the second design shows that an 
"equivalent composite spring" in terms of overall geometrical dimensions can still be 
obtained, but only with a carbon-epoxy spring. The different optimal springs obtained 
give us several design choices. A spring with more coils has a smaller helix angle, which 
in turn gives more stability to the structure. In our case, the selection is easy, because the 
range of optimal spring parameters obtained by the design software is relatively narrow. 
A summary of the geometrical and mechanical characteristics of these optimal springs 
compared to the initial metallic spring is given in Table 3.7. In the second design, the 
carbon-epoxy solution is acceptable and provides an important mass saving. Comparison 
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between the first and second designs shows that one more active coil is needed to 
compensate for the difference between the mean coil diameters. The external wire 
diameter in the second solution is also larger than in the first one. The ply angles 80 
remain nearly identical for the same materials in the two designs. 
Tableau 3.7 - Parameters of the optimal composite springs selected and 































































Composite springs can bring an important potential mass saving compared to metallic 
ones. For example, carbon-epoxy composite helical springs bring a reduction of more 
than 88 % in mass for the same stiffness and overall dimensions compared to an 
equivalent metallic helical spring. Note that the choice of an optimal spring must also 
take into account the manufacturing process, as it is necessary to manufacture a spring 
without defects (such as resin rich areas or dry spots when made by resin injection). It is 
important also to be able to release the spring without major difficulty from the mold 
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after cure. Finally, one must keep in mind that the cost of composite springs always 
depends on the manufacturing process. 
3.10 Conclusion 
A software tool based on multi-criteria optimization was devised to design composite 
helical springs. The goal is to replace metallic helical springs in automotive applications. 
A genetic algorithm is implemented to devise an evolutionary strategy based on Pareto 
dominance to optimize composite springs and find an optimal solution set (also called 
the Pareto front). The algorithm must find integer variables such as the number of plies 
and number of active coils, while respecting constraints such as Tsai-Wu criterion, 
maximum overall dimensions and nominal stiffness for example. Designers must also 
take into account the limitations that arise from the manufacturing process selected. 
Therefore it might be necessary to add new constraints in the optimization in order to 
find "equivalent" solutions. 
In order to test the algorithm, the first optimization tests were carried out to optimize the 
design of a metallic spring. It was shown that the optimal solution is independent from 
the initial generations selected and that changes in the range of design parameters have 
an effect on the optimal sets obtained. After these preliminary tests, the design 
methodology was implemented to optimize the design of composite springs. A series of 
preliminary calculations were conducted with three different composite materials: epoxy 
matrix with kevlar, carbon and glass fibers. The first composite optimization tests were 
performed without constraints. The optimal sets obtained were nearly the same with one 
braiding angle for each ply (OBA) and multiple braiding angles (MBA). A second series 
of optimization tests were carried out with design constraints for the three composite 
materials considered above. The carbon-epoxy solution turned out to be the best choice 
in terms of stiffness over mass ratio for all optimizations. The kevlar-epoxy solution 
could not be retained, because it did not respect Tsai-Wu criterion in the second design 
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(MBA). The target stiffness could be attained with the glass-epoxy solution, but for a 
larger mass than the for the carbon-epoxy spring. 
This investigation highlights the soundness of using genetic algorithms and multi-
criteria optimization to design composite helical springs. It also underlines the potential 
gains brought by composites compared to steel, in particular for applications where a 
compromise between stiffness and lightness is a primary design goal. It is hoped that this 
work will provide a valuable methodology to assist application engineers in composite 
spring design. Using lighter, but "equivalent" materials in terms of mechanical 
performance should have a positive impact in several industrial applications, especially 
in the transportation sector. 
3.11 Acknowledgments 
Authors would like to thank especially Composite Atlantic Ltd for its financial support, 
and its President, Mr. Maurice Guitton, who provided the methods and materials to 
fabricate the composite springs. Authors are grateful to Christian-Charles Martel, 
technical assistant at Ecole Polytechnique, for his constant and efficient help. The 
financial contributions of the Natural Sciences and Engineering Research Council 
(NSERC) and the support of the laboratory by the « Chaire sur les Composites a Haute 
Performance » (CCHP) and « Centre de recherche en plasturgie et composites » 
(CREPEC) of the « Fonds Ouebecois pour la Recherche sur la Nature et la 
Technologie » (FQRNT) are also gratefully acknowledged. 
3.12 References 
1. Gobbi, M. and Mastinu, G. (2002). On the Optimal Design of Composite 
Material Tubular Helical Springs. Meccanica; 36(5): 525-553. 
2. Yokota, T., Taguchi, T., Gen, M. (1997). A Solution Method for Optimal Weight 
Design Problem of Helical Spring using Genetic Algorithms. Computers & 
Industrial Engineering. 33 (1): 71-76. 
74 
3. Lecarpentier, B. (2004). Optimisation multicriteres de la conception d'un ressort 
helicoi'dal tubulaire en materiau composite. Master's Thesis, Department of 
Mechanical Engineering, Ecole Polytechnique de Montreal. 
4. Ratle, F., Lecarpentier, B., Labib, R., Trochu, F. (2004). Multi-objective 
Optimization of a Composite Material Spring Design using an Evolutionary 
Algorithm. In: Yao et al., editors. Proceedings of the Eighth International 
Conference on Parallel Problem Solving from Nature, PPSN 2004. Berlin-
Heidelberg: Springer. 
5. Charlebois, K. M. Boukhili, R. Trochu, F. Zebdi O. and Gasmi A. (2005). 
Evaluation of the Physical and Mechanical Properties of Braided Fabrics and 
their Composites, Journal of Reinforced Plastics and Composites, 24:1539-1554. 
6. Harte, A. M. and Fleck, N. A. 2000., Deformation and Failure Mechanisms of 
Braided Composite Tubes in Compression and Torsion. Acta Materialia. 48(6): 
1259-1271. 
7. Harte, A. M. and Fleck, N. A. (2000). On the Mechanics of Braided Composites 
in Tension. European Journal of Mechanics - A/Solids, 19(2): 259-275. 
8. Zebdi, O. (2004). Caracterisation mecanique des composites a renfort tresse et 
application aux ressorts helicoidaux. Master's Thesis, Department of Mechanical 
Engineering, Ecole Polytechnique de Montreal. 
9. Ruiz, E. and Trochu, F. (2005) Comprehensive Thermal Optimization of Liquid 
Composite Molding to Reduce Cycle Time and Processing Stresses, Polymer 
Composites, 26(2): 209-230. 
10. Duchemin, M., « Ressorts : Force coaxiale », Techniques de l'ingenieur, B5 435. 
1-31. 
75 
11. Deb, K., Agrawal, S., Pratap, A., and Meyarivan, T. (2000). A fast Elitist Non-
dominated Sorting Genetic Algorithm for Multi-objective Optimization: NSGA-
II. In: M. Schoenauer et al., editors. Proceedings of the Sixth International 
Conference on Parallel Problem Solving from Nature, PPSN 2000. Berlin-
Heidelberg: Springer. 
12. Hamda, H., Roudenko, O., Schoenauer, M. (2002). Application of a Multi-
objective Evolutionary Algorithm to Topological Optimum Design. In: I. 
Parmee, editor. Proceedings of the Fifth International Conference on Adaptive 
Computing in Design and Manufacture, ACDM 2002. Berlin-Heidelberg: 
Springer 
13. Wu, J.-L., Agogino, A.M. (2004). Automating Keyphrase Extraction with Multi-
objective Genetic Algorithms. Proceedings of the 37th Hawaii International 
Conference on Systems Sciences, HICSS 2004. New York: IEEE Computer 
Society. 
14. Merelo, J.J.; Keijzer, M., Schoenauer, M. (2004). Evolving Objects. [Web page] 
http://eodev.sourceforge.net/. 
15. Mallick, P.K., Fiber-Reinforced Composites: Materials, Manufacturing and 
Design. (1993). 2nd edition. New York, Ed: Marcel Dekker, Inc. 565p. 
16. Gay, D., Composite Materials: Design and Applications, Edition: Boca Raton, 
FL: CRC Press, c2003. 1942, 531 p. 
76 
CHAPITRE 4 - ARTICLE 2: AN INVERSE APPROACH BASED ON LAMINATE 
THEORY TO CALCULATE THE MECHANICAL PROPERTIES OF BRAIDED 
COMPOSITES 
OUSSAMA ZEBDI, RACHID BOUKHILI AND FRANCOIS TROCHU 
Centre de recherches en plasturgie et composites {CREPEC) 
Mechanical Engineering Department 
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4.1 Abstract 
A new approach based on plate laminate theory is developed to calculate the mechanical 
properties of woven and braided composites. It supposes that, for each woven or braided 
composite oriented at ±6, there is an equivalent ±8 angle ply laminate made out of two 
unidirectional plies. An inverse algorithm based on plate laminate theory was developed 
to calculate, from the known mechanical characteristics of a composite reinforced by 
engineering fabrics, the properties of the mechanically equivalent angle-plies. The 
virtual angle-ply and cross-ply laminates obtained by inverse calculation include the 
effects of undulation and strand shear. The difference in properties between experience 
and theory is clear especially for Poisson's ratio. Comparisons performed between 
numerical predictions and experimental tests have shown a good correlation. 




High performance composites manufactured with woven or braided reinforcements (for 
axisymmetric parts) are found in several applications in the aerospace and automobile 
industry, because of their good mechanical properties and light weight. This type of 
composite possesses an undulated architecture due to interlaced strands during weaving 
or braiding. Various configurations of woven or braided composites exist depending on 
the weaving process [1, 2]. The strength and stiffness of this type of composite depend 
on the fiber volume fraction, weaving parameters (size, spacing and undulation of the 
strands), strength and stiffness of the fibers and matrix. 
There is no general theory to calculate the properties of woven or braided composites. 
Generally, a woven or braided composite is assimilated in laminate theory to an 
equivalent material made of a stack of angle-plies, in which the undulation and strand 
shear effects are neglected [3, 4]. On the other hand, several researchers have developed 
analytical methods to take into account the undulation geometry as a sinusoidal or 
circular strand so as to predict mechanical properties [5-9]. Although the strand shear 
effect is generally neglected, these studies have shown a good correlation of predicted 
thermoelastic properties with experimental results. Other researchers applied the finite 
element method by describing in a detailed manner the two undulated plies to predict the 
elastic properties of woven composites. The results also showed a good correlation with 
experiments [10-12]. 
Chun and al. [13] manufactured carbon-epoxy unidirectional plates with controlled 
undulations in order to study experimentally the influence of undulation on the elastic 
properties in tensile and compression for various amplitude ratios of the undulation with 
respect to the fibers period. The higher the ratio, the more severe is the undulation. 
When the undulation ratio increases, the moduli fall markedly. When the sample with 
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undulated fibers is subjected to a tensile load, the amplitude of the undulation decreases 
as the load increases, which results in increasing the stiffness gradually. On the other 
hand, for larger compression loads, the undulation ratio increases and the modulus 
becomes weaker. Falzon and Herszberg [14] performed tensile, compression and 
shearing tests on composites with triaxial braided reinforcements and equivalent 
laminates made of angle-plies without undulations. They noted that braided composites 
have comparable tensile and compression stiffness, but considerably reduced tension and 
compression strengths. This was attributed to fiber damage and tow waviness. The 
authors observed also that the Poisson's ratio depends slightly on the undulation and on 
the damage incurred by the fibers during the braiding process. The Poisson's ratios 
measured in tensile are also higher than in compression. However, the shear test results 
remained inconclusive because of the inaccuracy of the testing method used. Plate 
laminate theory (PLT) is usually possible to predict composite materials properties with 
some corrections. Ruiz et al. [15-17] are used PLT with success to compute composite 
internal stresses resulting from these thermo-rheological conditions in thin and thick 
composites. 
The objective of this article is to propose an inverse approach based on plate laminate 
theory to take into account the effect of undulation and strand shear on the mechanical 
properties of woven and braided composites. This approach is based on a simple idea: 
one supposes that for each woven or braided composite with an angle ±0, an equivalent 
virtual composite exists made of two angle-plies oriented with the same angle ±0, the 
elastic characteristics of which reflect the undulation and the strand shear effects. 
Starting from the experimental results obtained by mechanical tests carried out on 
braided composites with various strand orientations, one calculates by an inverse method 
based on plate laminate theory the elastic properties of the virtual unidirectional 
constitutive 0° ply (UD) of a mechanically equivalent laminate (i.e., made of two 
unidirectional plies at angle ±0). Hence, from the braided composite properties at angle 
±0, one can predict by plate laminate theory the elastic properties of another braided 
composite at a different angle ±0*. 
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4.3 Methodology 
Plate laminate theory allows calculating the laminate elastic properties of (±0) 
symmetric angle-plies, Exx, Eyy, Gxy and vxy, from the elastic properties of an orthotropic 
unidirectional ply En, En, Gn and Vi2. Therefore, if Exx, Eyy, Gxy and vxy are known for 
a (±6) symmetric laminate; it is possible to find by inverse calculation the properties of 
the base ply E\\, En, Gn and v^. Transposing this approach to the case of a composite 
manufactured from (±0)B braided plies, Therefore, if Exx, Eyy, Gxy and vxy are known for 
a (±8)B laminate; it is possible to find by inverse calculation the properties of a virtual 
base ply; E'n, E\2, G\2 and v|2. 
As shown in Figure 4.1, let suppose that Exx, Eyy, Gxy and vxy of a (+30°)
B braided 
composite are determined experimentally. The inverse calculation algorithm based on 
plate laminate theory described in the next section allows the identification of the elastic 
properties of a virtual orthotropic ply Exn, E
v
22, G\2 and v[2. Once this virtual 
unidirectional ply is known, it became possible to predict the elastic properties on any 
braiding orientation (+0*)B. In order to check the validity of this approach, the 
predictions should be compared to test results for as many braiding angles as possible. 
Figure 4.1 represents schematically this approach for two braided composites at ± 30° 
and ± 45°. 
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Virtual ± 45 ° Braided composite 
symmetric angle-ply + 45° 
Laminate 
theory 
Virtual basic UD 0° ply 
Figure 4.1 - Schematic presentation of the new approach based on inverse laminate 
theory to predict the mechanical properties of braided composites. 
4.3.1 Inverse calculation 
The engineering constants Exx, Eyy, Gxy and vxy of a laminated composite as determined 
experimentally, can be written as function the elastic constants derived from the plate 
laminate theory [18]. The elastic constants of a laminate are given by the extensional 
stiffness matrix elements A, 
[A]-
^ 1 1 ^ 1 2 AX6 
A A A 
12 22 26 





total number of laminate plies; 
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\Qmn)j elements of the stiffness matrix of the j
t h ply; 
hj.i distance from the median plane of the laminate to the higher side of the j t h ply ; 
hj distance from the median plane of the laminate to the lower side of the j t h ply. 
Accordingly, the different steps of the inverse algorithm are presented in the following 
and a summary on plate laminate theory with more details in the appendix. 
Stepl 
The test results on composites give the engineering constants Exx, Eyy, Gxy and vxy. Then, 
the elastic constants of (±6) symmetric angle-ply laminate can be obtained after 
simplifications by the following relations: 
a ' = l-vik>J (4'5) 
a s = G , (4.6) 
Note that in the case of symmetric angle-ply laminates, A\(, = A26 - 0. Consequently, the 
engineering constants Exx, E)y, Gx,,and vxy are independent of QXf> and£>26. 
Step 2 
The elastic constants of the stiffness matrix of an off-axis (0) ply are given by: 
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Qu = 0„ cos
4 e + 2(0l2 + 2£>66)sin
2 6cos2 Q + Q22 sin
4 0 
Qn = Qn(sin
4 6 + cos4 e)+ (0 n + 022 - 4066 )sin
2 6cos2 6 
022 = Qn sin
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So, knowing the elastic constants 0u>022'0i2>
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where m = cos 0 and n = sin 0. 
As a particular case, the prediction for the woven composite (0/90°), the elastic constants 
of a symmetric cross-ply can be derived immediately as follows: 
0,,+022 = 
2E, 2E yy 
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The engineering constants are calculated from the elastic constants of the stiffness 




In the case of a ±45° laminate, the longitudinal modulus £xx is equal to the transverse 
modulus Eyy, and Qn = Q22 (see equations 4.3 and 4.4). The first two equations of 
system (4.13) are thus identical, which leads to an infinity of solutions for the couple 
(Qn, Q22), and thus an infinity of solutions for the couple (En, E22). The same problem 
exists for the woven composite (0/90°) for an equilibrated fabric. We get three equations 
with four unknowns (equations 4.14 to 4.16). From the mathematical standpoint, this 
means that several UD plies can give the desired elastic properties for this type of 
laminate. On the other hand, from a physical point of view, the set of feasible solutions 
is limited by the materials available (fibers/matrix). In order to solve this problem, the 
addition of a new equation is necessary. If one seeks a solution among usual composite 
materials, one can easily evaluate the ratio E\\IEn (or QnlQn) for a given material 
(fiber/matrix), this gives a fourth equation between the same four unknowns, Qn, Qn, 
Qn, 066-
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4.3.2 Molding of the test sample 
Composite plates were manufactured by RTM assisted by infusion with glass fiber 
fabrics and epoxy resin. The dimensions of the rectangular samples are 406 x 163.5 x 
1.7 mm. Four layers of woven or braided fibers are prepared using a wood fixture to cut 
out samples with the same internal dimensions as the frame inserted between the two 
plates of a flat mold. This approach allows fabricating plates of constant thickness, so 
that the fiber volume content of the samples is controlled. 
Sheared layers of reinforcement are obtained with the device of Figure 4.2, a rectangular 
frame made out of aluminium and articulated at its four corners. The reinforcement is set 
in the frame and clamped along its edges, and then the frame is deformed so as to confer 
a constant shear to the fiber strands. 
Figure 4.2 - Device used to shear engineering fabrics at various angles. 
Four plies (woven or braided) are prepared and stacked in the mold, which is closed and 
tightened using screw clamps to ensure good sealing of the cavity. The mold is placed in 
the furnace at 65 °C during one hour to lower the viscosity of the infused resin and 
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decrease the fabrication time. After infusion of the resin, the specimen is placed in a 
thermostatic bath at 60°C during one hour. A resin trap (vacuum pot) connected to a 
vacuum pump is used to recover the excess resin (Figure 4.3). The plates undergo one 
hour of cure at 100°C, followed by a post-curing during three hours at 170°C. After 
demolding, samples are cut out of the plates. 
Vacuum outlet 
Figure 4.3 - Experimental set-up used to fabricate samples by RTM assisted by resin 
infusion. 
4.3.3 Mechanical tests 
The mechanical properties to be measured are the longitudinal and transverse Young's 
moduli, the shear modulus and Poisson's ratio. 
86 
4.3.3.1 Tensile tests 
This type of tests is mainly used to characterize in tension a composite material in the 
longitudinal and transverse directions. The applied load is oriented along the braid axis 
in longitudinal tension and a perpendicular direction in transverse tension. The strength 
(O"LT), the longitudinal Young's modulus (En) and Poisson's ratio (VLT) are measured by 
these static tests. In the transverse direction, only the transverse strength (OTT) and 
Young's modulus (Err) were measured. Three samples at least were tested in tension for 
each composite plate manufactured with the woven and braided reinforcements. 
Figure 4.4 shows the geometry of the tensile samples used, the direction X being the 
braid axis. Two composites tabs of rectangular section 38.1 x 19.0 mm were laid out on 
both sides to prevent any slip of the sample and decrease edge effects during the tests. 
The tabs were glued on the samples with an instantaneous structural adhesive (Loctite 
401). 
Y 
L=\ 52.40 +2.54 





JZ t=\ 7 wwmnummKxt 
WM -ESS2S522Z 
Figure 4.4 - Dimensions in millimeters for a composite sample in tensile test. 
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The tests follow ASTM standard D3039 [19]. They were carried out on a fatigue servo-
hydraulic machine, model 810, manufactured by MTS. The tensile test consists of 
loading the sample by imposing a displacement at constant loading rate (1.3 mm/min) 
until failure. The elongation and force in time are recorded instantaneously by a data 
acquisition system. The load-displacement, stress-strain and strain(X)-strain(F) curves 
give the information required to characterize the mechanical behavior of the material 
from the following relationship: 
aLT and/or a i T ^ ^ ^ (4.21) 
wt 
where i w is the maximum tensile force acting on the sample, w and t being 
respectively the width and thickness of the samples. 
The modulus Exx and Poisson's ratio vxy are deduced from the signals given by strain 
gauges of Rosette type 0/90° (model CEA-06-12UT-350 of TA instruments) in the zone 
ranging between 1000 and 3000 (|im/m) of the straight part of the stress-strain (Figure 
4.5a) and longitudinal strain-transverse strain (Figure 4.5b) curves according to two 
following expressions: 
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Figure 4.5 - Example of tensile stress-strain and strain (T)-strain (L) curves. 
4.3.3.2 Shear testing 
Figure 4.6 shows a sample for a plane shear test following ASTM standard D5379-98 
[20]. For this test the samples have the shape of a parallelepiped with symmetrical V-
notches located in the middle of the specimen. Two 90° notches are machined on both 
sides in the medium length of the specimen to ensure that failure will take place at this 
position. A strain gauge of Rosette type ±45° (model CEA-06-187UV-350 of TA 

















Figure 4.6 - Dimensions in millimeters for a composite sample in shear. 
The determination of the shear modulus and shear strength was carried out at a constant 
elongation speed of 2 mm/min according to ASTM standard D5379-98 (Iosipescu type). 
As shown in Figure 4.7, the shear modulus is measured in the section of the curve 
ranging between 2000 and 6000 (um/m). 
The shear stress ixy for an applied load F is defined by: 
•xy bt 
The shear strain is given by: 
where: 
s+45 = +45° normal strain in |i£ 
E-45 = -45° normal strain in (is 
yxy = | s + 4 5 | + |e-45| 
(4.24) 
(4.25) 
The shear modulus is calculated by the expression: 
Gxy = Axxy /Ayxy 
where : 
Axxy difference in applied shear stress between the two strain points [MPa], 
(4.26) 
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Ayxy difference between the two strain points (nominally 0.004). 
Shear strain (jxe) 
Figure 4.7 - Measurement of the shear modulus. 
4.4 Results and discussions 
This section presents the physical and mechanical properties of the composite samples. 
Theoretical and experimental results are compared in order to validate the approach 
developed in this article. 
4.4.1 Physical properties 
Table 4.1 presents the results of the physical test carried out on the composite samples 
made by infusion. The small void fractions obtained show that the quality of the 
manufactured samples is good. This is a necessary condition in order to carry out 
reliable mechanical tests. The void fraction was calculated by the formula [21]: 
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Fv(%) = 100-p 
where: 
p sample density (g/cm3) 
p/ fiber density (2.55 g/cm3) 
pm matrix density (1.2 g/cm
3) 
Wf fiber weight fraction 
wm matrix weight fraction 
^A + ^i (4.26) 




























4.4.2 Mechanical properties 
The elastic properties and failure behavior are summarized in Table 4.2. The transverse 
properties of ±(90°-8) braided composites are deduced from the longitudinal properties 
±0 braided composites. For the shear tests we take into account the symmetry of the 
properties beyond ±45°. Note that the shear strength of the braided composites could not 
be measured in shear tests of Iosipescu type. Their strength is so high that failure does 
not occur between the notches of the samples, but at the contact points with the loading 
fixture. 
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Figure 4.8 shows a comparison between the experimental and predicted moduli for 
equivalent angle-ply laminates as a function of the braiding angle. Here, the predicted 
moduli are obtained by plate laminate theory (PLT) from glass fiber and epoxy matrix 
properties with Vj = 30%. The experimental curves follow the same trend as the 
theoretical predictions, and confirm other published results [5-9]. The longitudinal 
modulus Exx decreases with fiber orientation and reaches its lowest value at 90°. The 
transverse modulus Eyy changes in a symmetrical way compared to the longitudinal 
modulus Exx. 
0,00 i ^ - - i - . - . - : - -_.- ^— ^ , ^ _ ^ ^ „ ., ,...., . , , 1 
0 15 30 4 5 60 7 5 90 
Braiding angle (°) 
Figure 4.8 - Elastic properties of braided composites. 
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Concerning the shear modulus, a high dispersion in the results for ±45° braided 
composite is observed. According to [4] and [14], the shear in Iosipescu tests does not 
seem to allow an adequate study of the shear behavior for braided composites.-Falzon 
and Herszberg [14] noted that their Iosipescu samples seemed to be loaded by a 
combination of bending and shearing because of the great shear rigidity and low bending 
rigidity of braided composites. Taking into account the intensity of the measured 
modulus, it is probable that this phenomenon, as observed by these authors, is the cause 
of this inconsistency in material behavior. 
For all the braiding angles considered, the experimental moduli of the braided 
composites are systematically higher than the ones predicted for equivalent laminates. 
This behavior contradicts the results obtained in [13] for which the modulus decreases 
because of the strand undulation. However, according to [22] the strand interlacing is 
probably the cause, because it limits the displacement of the strands with respect to each 
other during loading. Thus, for the same load, the strain is smaller for interlaced strands, 
which explains the increase in the elastic moduli [22]. 
4.4.3 Effect of fiber architecture 
The virtual angle-ply and cross-ply laminates obtained by inverse calculation include the 
effects of undulation and strand shear. These equivalent virtual laminates are made of 
basic unidirectional plies oriented at the same angles as the braided composite. The 
elastic properties of these plies are not necessarily equal to that of an ordinary ply 
composed of the same fibers and matrix. The difference in properties is clear especially 
for Poisson's ratio, as illustrated in Figure 4.9. Poisson's ratio in a longitudinal tensile 
test is the ratio of the transverse over the longitudinal strain. For the same longitudinal 
strain, a braided composite and the equivalent laminate without undulation and 
interlacing do not behave in the same way. The interlaced strands of the braided 
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composite limit its relative displacement during loading. This explains the weaker 
transverse strain measured, which results in a lower Poisson's ratio (see Figure 4.9). 
1,200 r ! 
0 15 30 45 60 75 90 
Braiding angle (°) 
Figure 4.9 - Effect of the strands undulation and shear on Poisson's ratio: comparison 
between braided composites (experimental results) and unidirectional laminates without 
undulation (prediction by plate laminate theory). 
When the fiber orientation is close to 0°, which is the loading axis, the fibers control the 
strain in tension and have a significant influence on the structural behavior. On the other 
hand, if the fiber orientation differs from this angle, the matrix bears gradually a larger 
part of the load. Thus the influence of the undulations and strand shear decreases and the 
properties of the braids approach those of a laminate without undulation. This appears 
clearly in Figure 4.9 for braiding angles superior to +45°. 
4.4.4 Prediction of braided composite elastic properties 
Figures 4.10 to 4.12 show comparison of the prediction algorithm for the braided 
composites with experimental values and PLT predictions. The mechanical tests gave 
1 
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the elastic properties Exx, Eyy, Gxy and vxy of the laminates for each braiding angle 
considered. From these experimental values, the elastic properties E\\, E22, G\2 and V12 
of the virtual basic ply (oriented at 0°) were calculated by the inverse algorithm based on 
plate laminate theory. From these results, the elastic properties of braided composites 
were computed for different braiding angle. The curves obtained for each prediction all 
cross the experimental curve at a point. This shows the consistency of the algorithm as 
one finds again the initial experimental value from which the predictions are made. 
From the following figures, the predictions of the elastic properties with the inverse 
method show a good correlation with experiments. However, it is clear that the PLT 
predicted values show larger gaps with experimental results. 
In the case of the 0/90° woven composite or the ±45° braided composite, the inverse 
method requires the introduction of the ratio EUIEJI in order to get a unique solution as 
discussed in step 3 of the algorithm. The values available in the literature for E\ \ and £22 
are the elastic moduli of an ordinary unidirectional ply without fiber architecture effect 
as in the virtual ply. For this reason, after having carried out calculations for the + 30° 
and ± 35° braided composites, an average ratio of 3.5 was selected for E\\IE22- For 
information, this ratio is equal to 8 for an ordinary glass-epoxy composite obtained by 
micromechanical equations with Ef = 72.4 GPa, Em = 2GVa and Vf = 30% [18]. 
Afterwards, this ratio was introduced into calculation for the 0/90° and +45° cases. The 
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Figure 4.10 - Comparison of predicted longitudinal elastic moduli with experimental 
values for the different braided composites considered. 
Figure 4.10 shows a comparison of the tensile results. A good correlation is observed 
with experiments for the ± 35° and ± 45° composites with a relative error lower than 5%. 
This error increases for the + 30° braided composite, but remains lower than 18%. This 
difference in accuracy can be explained by the two failure modes observed in this zone 
for braided composites. This may explain why the angle of 35° is found to be critical: 
1) between 0° and approximately 30°, failure occurs in the fibers in a tensile test; 
2) on the other hand, between 30° and 60°, failure occurs in a mixed mode between fiber 
tensile and matrix shearing. 
The undulation and strand shear effects are also different in these two zones. This 
explains also the larger value of 18 % obtained in tensile for the ± 35° braided 
composite. In this case, a small deviation of the braiding angle for a sample can change 
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Figure 4.11 - Comparison of predicted Poisson's ratios with the experimental values 
for the different braided composites considered. 
The comparison of the results for the Poisson's ratio is presented in Figure 4.11. The 
relative error is generally lower than 15 %. The accuracy can be considered as good, 
given the usual experimental sensitivity of this parameter. Figure 4.12 shows the 
comparison of shearing results. In this figure, the difference is clear between the 
prediction from the woven composite (0/90°), which is significantly lower, and the 
predictions made from the braided composites, which show a good correlation with 
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Figure 4.12 - Comparison of predicted shear moduli with experimental properties 
for the different braided composites considered. 
4.4.5 Prediction of woven composite elastic properties 
Table 4.3 summarizes the prediction results for the woven composite. The predictions 
from the experimental properties of braided composites showed a good correlation for 
the tensile modulus with a relative error less than 5%. For the shear modulus, the relative 
error is less than 10% for the predictions from the ±35°, ±45° and +55° braided 
composites and reached 27% for the ±30 and ±60° ones. However, the error is larger on 
the predictions of Poisson's coefficient. 
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Tableau 4.3 - Prediction results for the woven composite 




































4.4.6 Effect of the ratio EnIE22 
To predict the elastic properties of braided composites from experimental values at ±45°, 
it is necessary to introduce the ratio E\ \IE22 in the algorithm in order to ensure unicity of 
the solution. The value of the ratio E\\IEn is unknown for the virtual basic ply. For this 
reason, it is important to examine how the influence of the value of this ratio on the 
numerical predictions and if the use of an ordinary UD ply ratio gives an acceptable 
solution to the problem. In this case, the materials used for the composites are glass-
epoxy, for which the ratio is about 8 [18]. By using the inverse algorithm, the ratio 
obtained for the virtual ply is about 3.5 for the same glass-epoxy material. A series of 
predictions of elastic properties were carried out by varying the ratio E11IE22 from 2 to 9. 
Note that the shear modulus is not influenced by changes in this ratio, because it is 
independent of E\\IEn. 
Figure 4.13 shows the influence of the ratio E\\IEn on the longitudinal modulus for 
different braiding angles. The relative error between the prediction using a ratio of 3.5 
(virtual ply) and of 8 (ordinary ply) is about 5% for small braiding angles, but this 
relative error becomes significant at 27 % for larger angles. On the other hand, the 
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influence of this ratio on Poisson's ratio is strictly the inverse. The significant relative 
error for small braiding angles (30 %) decreases to 10% for higher braiding angles. 
These values give an idea of the relative error for a prediction from the experimental 
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Figure 4.13 - Influence of the ratio E\\IE22 on the longitudinal modulus predicted 
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Figure 4.14 - Influence of the ratio Eu/E22 on the Poisson's ratio predicted 
for the +45° braided composite. 
4.5 Conclusion 
An inverse method based on plate laminate theory was developed to predict the elastic 
properties of woven and braided composites. This approach takes into account the 
effects of undulation and strand shear in the calculation of elastic properties. Starting 
from the experimental results for a ±8 braided composite, the elastic properties Evu, E
v
22, 
G,v2 and \]2 of a mechanically equivalent virtual unidirectional ply oriented at 0° are 
calculated by using an inverse algorithm based on plate laminate theory. This virtual 
UD ply includes the effects of fiber architecture and allows predicting the elastic 
properties of other braided or woven composites. The comparison between experimental 
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results and numerical predictions shows a good correlation when the elastic properties 
are predicted from the braided composites. 
The inverse algorithm does not give a unique solution when initiated from a ±45° 
braided composite or a (0/90°) woven composite. For this reason, the ratio E\\IEn of UD 
elastic moduli is introduced for the UD virtual ply to add one equation to the inverse 
system. The effect of this ratio was investigated in order to evaluate its influence on the 
predictions of the longitudinal modulus and Poisson's ratio. The value of shear modulus 
remains independent of this ratio. Given the good correlation obtained between 
experimental results and numerical predictions, this inverse method can be applied to 
several kinds of woven or braided composites with different fiber architectures and 
made out of various materials (fibers, matrix). 
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4.8 Appendix - Summary on Plate Laminate Theory 
The laminate theory allows calculating the elastic constants of a laminate formed by a 
stack of oriented unidirectional (UD) plies from the basic mechanical properties of the 
fibers and matrix. The principal equations are summarized in the sequel. 
4.8.1 UD ply properties (law of mixture) 
The properties of a UD ply depend on the properties of the resin, fibers and on the fiber 
volume fraction Vj. The law of mixture gives the properties of a UD ply as follow: 
Matrix 
Fiber / 




Major Poisson's ratio: 

















The stiffness matrix [Q] takes the following form: 
106 
Eu 





n - En 









_ 12 22 
l - v 1 2 v 2 , 
(A-6) 
_ v21£„ 




 G12 • 
4.8.2 Properties of a UD ply oriented with an angle 6 
The elastic constants of the stiffness matrix of a UD ply oriented with an angle 0 are 
obtained from the elastic constants at 0° by a rotation of angle G as follows: 
Qn = 0 n c o s
4 e + 2(01 2+206 6)sin
2ecos2e + (O22sin
4e (A-7) 
Qn = Qn (sin
4 6 + cos4 e)+ {Qn + Q22 - 4Q66)sin
2 6cos2 0 (A-8) 
Q22 = Qn sin
4 0 + 2{Qn + 2Q66 )sin
2 Gcos2 0 + Q22 cos
4 0 (A-9) 
fii6 =(fin -fi ,2 -2fi66)sin0cos
3 0 + (g12 -Q22 + 2g66)sin
3 0cos0 (A-10) 
fi26 = (fin -fi.2 -2fi66)sin
3 0cos0 + (e i2 ~Q22 + 2e66)sin0cos
3 0 (A-11) 
fi66 = (fin + fi22 - 2fi12 - 2Q66 )sin
2 0cos2 0 + Q66 (sin
4 0 + cos4 0) (A-12) 
4.8.3 Properties of angle-ply laminate (laminate theory) 
The elastic constants of the stiffness matrix of a laminate made of np angle-plies are 














np total number of laminate plies; 
\Qm„) elements of the stiffness matrix of the j
l ply; 
hj.i distance from the median plane of the laminate to the higher side of the j t h ply ; 
hj distance from the median plane of the laminate to the lower side of the j t h ply. 
Figure A-2 - Laminate. 
4.8.4 Engineering constants of a balanced symmetric laminate 
For a balanced symmetric laminate, the extensional matrix element A \6 = A26
 = 0 and the 
matrix [A] take the following form: 
U] = 
Au An 0 
y i p -^-*?? " 
0 0 A66 
(A-16) 
Then, the engineering constants are deduced from the inverse matrix of [A] and are 
expressed by: 



















where h is the total thickness of laminate. 
4.8.5 Elastic properties of an angle-ply laminate at a ±8 angle 
In the case of a balanced symmetric angle-ply laminate at a ±9 angle, the elastic 
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CHAPITRE 5 - ARTICLE 3: CREEP BEHAVIOUR OF COMPOSITE WOVEN 
AND BRAIDED MATERIALS 
OUSSAMAZEBDI, RACHID BOUKHILI AND FRANCOIS TROCHU 
Centre de recherches en plasturgie et composites (CREPEC) 
Mechanical Engineering Department 
Ecole Polytechnique de Montreal, Quebec, Canada 
5.1 Abstract 
An experimental study on creep based on bending tests is presented for woven and 
braided glass fiber reinforced epoxy. The objective is to characterize and predict the 
long term behavior of these composite materials and study the influence of the braiding 
angle on creep. This material is shaped as a helical spring included as structural element 
in the suspension of a sport utility vehicle. The braiding angle has no influence on the 
shift factor for master creep curve§, but remains an important parameter for compliance. 
Composites with a braiding angle of ± 35° show a good resilience under imposed load. 




The use of polymeric composites becomes increasingly frequent in several industrial 
applications because of weight savings and good corrosion resistance. On the other 
hand, because of the viscoelastic nature of the polymeric matrix, the properties of these 
composites are influenced by temperature, intensity and frequency of applied loads, 
moisture and ageing. 
The creep behavior of composite materials has always aroused a great interest in the 
scientific community. Creep is the deformation phenomenon observed over time on 
material samples submitted to a constant load. Among the various factors that effect 
long term material behavior, temperature always plays a key role. Several methods have 
been used to characterize creep: the time-temperature superposition principle (TTSP), 
Schapery method, Findley method and the thermal theory of activation energy [1]. There 
are two possible ways to study the influence of the temperature on material behavior: (1) 
direct long-term measurements of the material response in time for various applied load 
[2]; (2) short-term tests to predict the long-term behavior by applying the TTSP [3-7]. 
Findley [2] published creep results on two thermoplastics after 230 000 hours (26 years). 
A power law was used to predict creep behavior. It was noted that ageing slightly 
reduced the creep rate after approximately 130 000 hours, but the recovery rate remained 
unchanged. Parallel to Findley, other researchers oriented their efforts to accelerate the 
characterization procedure by carrying out a sweep in temperature. This approach to 
study long-term creep behavior is based on TTSP. This principle was applied 
successfully for a large number of polymers [6]. Ruiz and Trochu [7] are proposed 
viscoelastic model using TTSP to describe the stress relaxation behavior for any degree 
of polymerization reached by the resin. TTSP was originally developed from 1950 for 
un-reinforced plastics [3]. Thereafter, other researchers like Morris et al. [4] for example 
applied this principle to study the viscoelastic behavior of unidirectional graphite-epoxy 
I l l 
composites. Their work showed that the shift factor is independent of fiber orientation. 
Katouzian and al. [8] used successfully the nonlinear method of Schapery on two 
composites one with thermoset and the other with thermoplastic matrix. They showed 
that the instantaneous response of the material is linear and independent of temperature 
for the applied stress levels. They concluded that the transient creep response of both 
composite materials under an interlaminar shear stress shows higher sensitivity to 
temperature than under transverse normal stress. Recently, Goertzen and Kessler [5] 
showed that the shift factor of the creep curves can be predicted from the activation 
energy without carrying out several creep tests. However, their conclusion remains valid 
only for temperatures lower than Tg. Hu [9] worked out an approach based on the 
concept of the potential plastic to derive a superposition factor of the master curves for 
unidirectional (UD) composites. With this factor, it is possible from only one test on a 
UD composite at a given orientation to build the master curve for any other fiber 
direction. 
In a creep test, the strain of the sample is measured during the application of a constant 
stress. The ratio of the measured strain on the applied stress showed equation (5.1) is 
called creep compliance and it is noted by J. 
J(t) = ^ - (5.1) 
a 
Dynamic mechanical analysis (DMA) is a simple and effective way to carry out creep 
tests. It consists of applying a temperature ramp while the sample is maintained at the 
same stress level. TTSP assumes, as showed in Figure 5.1, that the material behavior at 
temperature To at time to is the same at temperature T, on shifted time scale t = to/ctr- The 
creep compliances between two different temperatures To and T are then connected by 
the following relation: 
j{t0-<
To) = bTJ 
f t ^ 
(5.2) 
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The term aj represents the horizontal shift factor. The ratio to far is called the reduced 
time. On a logarithmic scale, the value of log(a7-) corresponds to the horizontal shift of 
the creep curve and parameter br = pi Ti I po To, where po and p; are respectively the 
material densities at temperatures To and Ti, is the vertical shift factor. For the majority 






Figure 5.1 - Time-temperature superposition principle (TTSP). 
The first expression of the horizontal shift factor as developed by Williams, Landel and 
Ferry, is known under the equation label WLF [3]. The expression of the horizontal shift 





•where cj and C2 are constants which depend on the polymer matrix. Note that in equation 
(5.3) the reference temperature can be different from the glass transition temperature Tg. 
It is enough for that to modify the values of constant cj and c?. With the lower part of the 
glass transition temperature, the shift factor expression is described by the relation of 
Arrhenius type [5, 12]: 
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i ( \ - ^ (l log(a,) = — 
' 2.303x7^7 
with the following notations: 
AE activation energy [kJ/mole], 
R perfect gas constant, 
T temperature [°K], 
Tref reference temperature [°K]. 
The use of curve translations for a variable like temperature, makes it possible to create 
a master curve for a reference temperature Tref, which describes the creep behavior of the 
material during hundreds of years. 
This article is devoted to the study of the glass-epoxy composite creep behavior of a 
glass-epoxy composite with a woven or braided reinforcement as function of 
temperature. The objective is to study the composite material which will be used to 
manufacture the helical springs and study the creep behavior of the material. 
5.3 Methodology 
5.3.1 Materials and equipment 
Materials 
Composite plates are manufactured by infusion with glass fiber fabrics and epoxy resin. 
The dimensions of all the rectangular samples are 406 x 163.5 x 1.7 mm. Four layers of 
woven or braided fibers are prepared using a cutting template made out of wood to cut 
samples of the same internal dimensions. This approach allows controlling the fiber 




The braided layers of reinforcement are obtained using the device shown in Figure 5.2, 
which allows to shear fabrics at various angles. This rectangular frame made out of 
aluminum is articulated at its four corners. The reinforcement is set in the frame and 
clamped along its four edges, and then the frame is deformed so as to confer a constant 
shear to the reinforcement strands. 
Figure 5.2 - Device to shear fabrics of fibrous reinforcement. 
Four plies (woven or braided) are prepared and stashed in the mold, which is closed and 
tightened using screw clamps to ensure a good sealing of the cavity. The mold is placed 
in the furnace at 65°C during one hour to lower the viscosity of the infused resin and 
hence decrease the infusion time. After preparation of the resin, it is placed in a 
thermostatic bath at 60°C during one hour. A resin trap (vacuum pot) connected to the 
vcuum pump is used to recover the excess resin (Figure 5.3). 
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Figure 5.3 - Assembly of infusion with low pressure. 
The plates undergo one hour of cure at 100°C, followed by a post-curing during three 
hours at 170°C. After demolding, the plates are cut up to obtain the desired samples. The 
average dimensions of the samples for the three point bending tests are 60 x 12.7 x e 
mm, where e represents the sample thickness. The latter is measured for each sample 
because it has been noted that the braiding angle had a slight influence on thickness. 
Three composite plates are prepared for each case; with the woven (0/90°) and braided 
composites (± 30°, ± 35°, + 45°, ± 55° and ± 60°). One sample from each case is 
selected for DMA creep tests and others are used for verification. 
Equipment 
Three types of three point bending tests are presented, short term tests, static tests and 
long term tests. Creep short term tests were carried out with a Dynamic Mechanical 
Analysis machine, DMA Q800, manufactured by TA Instruments (Figure 5.4). This 
machine controls temperature between -145 °C up to + 600 °C, with a precision of 
±0.1°C above 50°C and ± 1°C under 50°C. The equipment and data acquisition is 
controlled by a computer with TA Analysis software. The maximum force applied by the 
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machine is 18 N. The distance between the supports of the assembly in the three point 
bending tests is 50 mm. 
DMA Q800 machine 
Figure 5.4 - Equipment for the creep tests. 
The three point bending tests are carried out until failure on a MTS 800 machine. The 
long-term creep tests were carried out with the simple aluminium assembly of 
Figure 5.5, on which two samples can be set. Strain unidirectional gauges of type CEA-
06-125UN-350 were installed on the samples. The strain values were read directly on a 
strain indicator P3500 of Measurements Group Vischay. 
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Figure 5.5 - Assembly of three point bending fixture for a long-term test. 
5.3.2 Experimental procedure 
The creep cycles were carried out during 20 minutes at constant temperature in a range 
between -20 °C and 210 °C with an increment of 10 °C. There was no recovery period 
between the successive isothermal tests. At each temperature a stress of 20 MPa was 
applied whereas the force applied varies with the sample thickness. Each sample 
evaluated in creep underwent a test to determine its glass transition temperature, Tg, at 
1 Hz between 30 °C and 210 °C with heating rate of 3 °C/min. Long-term tests were 
carried out for the ± 45° and ± 55° braided composite at ambient temperature and at 
50 °C. The strain values are read periodically on a strain indicator model P3500. The 
long-term tests aim to validate the shift factors aT obtained during the short-term creep 
tests conducted with the DMA Q800 machine. 
5.3.3 Exploitation of the Time-Temperature Superposition Principle (TTSP) 
The TTSP concept is based on the superposition of the creep curves obtained at different 
test temperatures. The material creep behavior curve is plotted at a given reference 
118 
temperature. The effect of a higher temperature is equivalent to contracting the time 
scale while a lower temperature stretches it [1]. Hence this principle allows predicting 
the long-term creep material behavior without having to carry out expensive and 
unpractical tests. Creep tests, can be performed with a DMA machine for several 
isotherms. Initially, creep curves in terms of strain or compliance as function of time are 
plotted for several isotherms with the software TA Universals Analysis as shown in 
Figure 5.6. The results are exported in text format to TTS Data Analysis software, which 
represents in Figure 5.7 creep curves for isotherm. In our case, the duration of each 
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Figure 5.7 - Creep compliances in time calculated by TTS Data Analysis software for 
each interval of 20 minutes for the successive test temperatures from -20 °C to 210 °C. 
The second stage consists of building the master curve, which is obtained by 
superposition of the creep curves for each isotherm. For this purpose, it is necessary to 
select a reference temperature Trej. The curve corresponding to Trej does not move. The 
curves corresponding to higher temperatures are translated to the right, and the curves 
corresponding to lower temperatures to the left. These displacements induce changes in 
the shift factor curve, which is initially a horizontal straight line which passes by the 
zero. The shift factor curve represents, on a logarithmic scale, the translation relating the 
creep curve at a given temperature to the curve at the reference temperature Tref. 
At the time of the displacement of an isotherm compliance (or strain) curve, the 
corresponding point of the shift factor curve moves downward if the temperature is 
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higher than 7^/and upward in the opposite case until the master curve is continuous and 
regular. However, the creep curve at the reference temperature remains in place (Figures 
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Figure 5.8 - Final curve of the shift factor as function of temperature. 
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log [time (s)] 
Figure 5.9 - Master curve giving the creep compliance in time on a double logarithmic 
scale for the various temperatures from -20 °C to 210 °C calculated previously. 
5.4 Results and discussion 
5.4.1 Failure strength 
Three point bending static tests were carried out following the standard ASTM D790 
[13] in order to know the level of stress applied in the creep tests. Figure 5.10 shows the 
evolution of failure strength in bending of the composite specimens. As expected, the 
bending resistance decreases with the braiding angle. The highest resistance value 



















, Woven composite (0/90°) 
0 10 20 30 40 
Braiding angle (°) 
50 60 70 
Figure 5.10 - Resistance of woven and braided composites in three point bending as 
function of braiding angle. 
5.4.2 Results of dynamic mechanical analysis 
The DMA results are shown in Figure 5.11. The glass transition zone of the epoxy is 
between 130 and 160 °C as shown in storage modulus curves (Figure 5.11a) and the 
glass transition temperature varies between 132°C and 140°C for different composites. 
These temperatures from damping curves plotted in Figure l ib , which plots tan 8 as 
function of temperature. Damping peaks around 152 °C for the samples tested, although 
for larger braiding angles the peak temperature decreases a little. The glass transition 
temperature does not vary much with braided angle because this parameter depends 
more of the polymer matrix. This was also noted by of Raghavan and al. [14]. Note that 
the samples oriented with a braiding angle higher or equal than 35° have a nil elastic 
modulus. This zone in Figure 5.11a is called the rubbery domain. In this case, at a 
temperature higher than the glass transition temperature, the samples creep and there 
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was no contact between with the mobile device of the bending machine. The elastic 
modulus recorded is then equal to zero. This phenomenon was also observed by of 
Kontou et al. [15]. On the opposite, the damping measured with the parameter «tan 8» 
varies considerably with the braiding angle. With the increase of the braiding angle, the 
fibers gradually lose control of the load and the matrix begins to express its damping 
behavior. Figure 5.11b illustrates well this phenomenon by showing how «tan 8» varies 
with the temperature for each sample. Starting from a minimal value for the woven 
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Figure 5.11 - a) Variation of elastic modulus as function of temperature, b) Variation of 
material damping (tan 5) as function of temperature. 
5.4.3 Creep tests results 
Short-term tests 
Figure 5.12 shows the variation of compliance in time in the creep tests for various 
composite samples. Each test was carried out on a temperature range between -20 °C 
and 210 °C with an increment of 10 °C. At each test temperature, a stress of 20 MPa was 
applied. After each experiment at a given temperature, the stress is relieved until the 
furnace of the DMA machine reaches the next test temperature, and then the stress is 
applied again. This explains the discontinuity of the curves. In the glass zone, the 
general behavior of the various composites is stable and the compliance does not vary 
much for the various temperatures tested. On the other hand, in the glass transition zone, 
the variation of compliance is considerable, especially for the braided composites with 
the angles higher than 35°.This variation starts from 90 °C, and then it develops between 
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130 °C and 140 °C, which represents the glass beginning of the transition zone observed 
on the elastic modulus curve of Figure 5.11a. After this stage, one enters in the rubbery 
zone, where a new stability of creep occurs, but this time with larger difference between 
the various composites tested. It is also noticed that for a braiding angle of 35°, rigidity 
makes a significant jump as observed in the dynamic test of Figure 5.11a. 
0 100 200 300 400 500 600 700 800 
Time (min) 
Figure 5.12 - Compliance in time in the actual test (min). 
The composite materials evaluated are intended to be used in the composite springs for a 
damping application in four wheel drive vehicle. Hence the service temperature lies here 
is between -40 °C and +50 °C. In this case, the long-term prediction of Arrhenius model 
is better compared to WLF model, which is more applicable for service temperatures 
higher than Tg. Note that the shift factor obtained by WLF model is not very different 
from that of Arrhenius model. Figure 5.13 shows the shift factors as function of 
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temperature obtained for the various composites by using equation (5.4) for a reference 
temperature of 30 °C. In this figure, one sees that the horizontal shift factor aT is 
independent of fiber orientation, especially for the temperatures lower than Tg. This was 
also noticed by Morris et al. [4] and may be explained by the creep behavior of the 
fibers. According to Mallick [10], except for kevlar, all commercial fibers like glass, 
carbon and boron fibers do not creep; hence the parameters related to creep (Tg and ai) 
depend more to the matrix, although the fibers have an influence on the elastic 
parameters of the structure such as rigidity, compliance and strain. The shift factor 
represents a fundamental parameter in the time-temperature superposition principle, 
each curve being relocated horizontally by an adimensional shift factor log ar on a 
logarithmic scale compared to the master curve obtained at a reference temperature Tref. 
20 
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Figure 5.13 - Shift factor for the various tested composites as function of temperature. 
The activation energy can be calculated for the various test temperatures with 
equation (5.4) after evaluating of the shift factor. The activation energy, AE, represents 
the energy barrier which must be overcome for the molecular movements causing the 
glass transition to appear. It is possible to estimate the activation energy without 
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building the master curve by conducting multi-frequencies tests for the temperature 
ramp [5, 12]. The activation energy depends then on Tgand ctj, which are independent of 
fiber orientation. In our case, an average value of the activation energy of 407 kJ/mol 
was recorded with a standard deviation of 13 kJ/mol. 
As shown in Figures 5.13 and 5.14, the factor log aris negative for temperatures higher 
than Tref, the curves will thus be relocated to the right. The shift factor is positive for 
temperatures lower than Tre/, the curves will thus be relocated to the left in this case. 
Time is thus widened or reduced on the master curve on both sides of the reference 
temperature Trej (Figure 5.14). This new time is called the reduced time, defined by the 
following logarithmic relationship: 








;lQ9(aT•wcf log(aT,0i) ! 
*; logfao'c)*: 
-> 





- 1 0 1 2 3 4 5 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
log [time(s)] 
Figure 5.14 - Master curves for various temperatures of the braided composite ±30°. 
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The behavior of the braided composite ±30°, ± 35°, ± 60° and of the woven composite is 
stable in long-term bending (300 years minimum) for a reference temperature of 30°C. 
The increase in compliance for the braided composites ±30° and ± 35° is about 12 % for 
30 years under the solicitation (20 MPa). For the braided composite ± 60°, it is 16 % and 
for the woven composite (0/90), it falls to 6 %. On the other hand, the increase in 
compliance of the braided composites ±45° and + 55° is considerable (respectively 36 
and 34 %). This may be explained by the control of the applied load. For a braiding 
angle lower than 35°, the fibers control the applied load in bending. For the braided 
composites with angles equal to/or higher than, the matrix dominates, so the compliance 
curve is stable. In the braided composites with angles located between the two precedent 
cases (45° and 55°), the control of the load is mixed and distributed between the fibers 
and the matrix. As is illustrated in Figure 5.15, this induces a slight variation of 
compliance for the interest period before 30 years. 
-8 
30 years 
O ±30° • ±35° • 0/90 
-11 
-15 -12 - 9 - 6 - 3 0 3 6 9 12 15 18 21 24 27 30 
log [time (s)] 
Figure 5.15 - Master curves for composite samples with various braiding angles and the 
woven composite (0/90°). 
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The master curve of a braided composite varies with fiber orientation in a vertical way 
with a light horizontal shift. Vertical displacement depends directly on the variation of 
rigidity, which is connected to the braiding angle. The creep behavior of braided 
composites with angles lower than 35° shows promising mechanical properties for the 
applied pressure level (20 MPa) in the usual range of service temperatures. The elastic 
properties in traction, compression and also in shearing will remain on a long term basis 
because all these solicitations are present in a three point bending tests carried out. On 
the other hand, the shear stress level estimated for our industrial application is higher 
than what could be implemented in these tests. Since DMA machine is limited in force, a 
test with several levels of stress would be necessary to evaluate the behavior for higher 
stress levels. 
Long-term tests 
Long-term creep tests results for braided composites ±45° and ± 55° are presented in 
Figure 5.16. The test at 50°C was carried out during 4240 min, and another one at 
ambient temperature (RT) during 34730 min. The strain indicator P3500 allows reading 
the material response in micro-strain. Table 5.1 presents a comparison between the shift 
factor values obtained by DMA for the short-term tests and those obtained in the long-
term experiments. The relative errors obtained are reasonable and give confidence in the 
prediction software of the DMA, although in the case of the composite ±45° there is a 
significant difference. This can be due to vibrations close to the test location, which 
caused some disturbance for the two samples at ambient temperature (between 3.5 and 4 
in X-coordinate in Figure 5.16). The curve then became convex with respect to the X 
axis instead of being concave and the difference between the shift factors obtained for 
the two braided composites ±45° and ±55° should be weaker. A larger variation can 
also be explained by defects in the internal structure of samples, which can have a 
significant effect on the long-term creep behavior. 
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Figure 5.16 - Long term experimental creep curves of braided composites 
± 45° and ± 55°. 

















Creep Behavior of woven and braided composites was studied by three point bending 
tests. The short-term tests were carried out with a DMA Q800 machine, and the master 
curves built by applying the time-temperature superposition principle. These tests have 
shown that the fiber orientation does not have an influence on the shift factor. Creep 
behavior depends on the matrix, but rigidity depends on the fiber-matrix mixture. The 
braiding angle ± 3 5 ° represents a characteristic value for braided composites, as a 
significant jump in rigidity can be observed in the results of the creep tests at a 
temperature higher than Tg. This angle corresponds to the transfer of the load control in a 
bending or tensile test from the fibers to the matrix. A good stability was noticed for the 
compliance curve of braided composites with a braiding angle at ± 30°, ± 35° and ± 60° 
and the woven composite 0/90°. Long-term tests were carried out for two braided 
composites ±45° and ± 55° in order to check the prediction model inferred the software 
analysis. The shift factors obtained from the short and long term tests are roughly equal. 
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CHAPITRE 6 - DISCUSSION GENERALE ET CONCLUSION 
L'objectif de cette these etait de concevoir et de caracteriser en fluage des ressorts 
helicoi'daux composites constitues d'une resine thermodurcissable et d'un renfort tresse. 
Parmi les multiples applications possibles, on s'est interesse ici a remplacer des ressorts 
metalliques utilises dans la suspension d'un vehicule. Relativement peu de travaux ont 
ete effectues dans ce domaine et la recherche de solutions pratiques et efficaces reste un 
probleme ouvert. Dans la conception de ce type de ressorts, plusieurs parametres et 
contraintes particulieres entrent en jeu : essentiellement lies a la geometrie du ressort, au 
materiau et aux conditions de service. Un logiciel fonde sur une technique 
d'optimisation multicriteres a ete developpe. Afin d'ameliorer la demarche de 
conception, une base de donnees des proprietes mecaniques pour chaque angle de 
tressage etait necessaire. En l'absence de ces donnees, une interpolation a partir des 
informations de la litterature a permis de demarrer la conception des ressorts composites. 
Apres consultation avec le partenaire industriel, la demarche de conception a ete 
appliquee pour concevoir un ressort helicoi'dal composite pour une application 
amortissante. Ceci a permis de demontrer les avantages des ressorts composites en terme 
de reduction de poids. Gobbi et Mastinu [20], qui ont aussi utilise la technique 
d'optimisation multicriteres, furent limites par le precede de fabrication utilise : les 
ressorts concus etaient de faible epaisseur. Le modele analytique de Kim et al. [26] 
permet aussi de concevoir des ressorts helicoi'daux en composite tresse de faible 
epaisseur pour un seul angle de tressage. Cette methode analytique de conception est 
efficace dans des cas simples, mais le modele devient plus complexe et difficile a 
resoudre pour des ressorts avec des angles de tressage variables. La methode de 
conception developpee dans cette these pour les angles de tressage variables est a la fois 
nouvelle et generale. 
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Le deuxieme objectif a consiste de trouver un moyen rapide et pratique pour predire les 
proprietes mecaniques des composites tresses. Les methodes analytiques et numeriques 
existantes sont utiles pour la recherche scientifique, mais ne peuvent pas etre utilisees 
d'une facon pratique pour des fins industrielles. La nouvelle approche proposee permet, 
a partir des resultats experimentaux de quelques essais mecaniques, de predire avec la 
theorie des stratifies les proprietes elastiques de composites a renfort tresse ou tisse pour 
differents angles de tressage. Ainsi il est possible, a partir des resultats experimentaux 
d'un composite tresse ±9, de creer un stratifie constitue de plis unidirectionnels virtuels, 
dont les proprietes mecaniques refletent l'effet de l'architecture des fibres. La 
comparaison des resultats experimentaux montre une bonne correlation avec les 
predictions realisees a partir d'un composite tresse. En revanche, l'utilisation des 
proprietes elastiques experimentales du composite tisse 0/90° ne permet pas de predire 
avec precision les proprietes elastiques des composites tresses, en particulier le module 
de cisaillement. Ceci est du aux differences de configuration du composite tisse par 
rapport aux composites tresses. II y aurait lieu d'etudier d'autres architectures des fibres 
pour generaliser cette approche et etablir un coefficient de correction different selon le 
mode de tissage ou de tressage. 
Enfm, le dernier objectif portait sur l'etude du comportement en fluage des composites 
tisses et tresses. Les echantillons pour les differents materiaux testes ont ete soumis a des 
essais de fluage en flexion trois points sur la machine DMA Q800. Le principe de 
superposition temps-temperature a ete utilise pour predire le comportement des 
materiaux a long terme. Ces essais ont montre que l'orientation des fibres n'a pas 
d'influence sur le facteur de translation. Le comportement en fluage depend de la 
matrice ; cependant, la rigidite depend du melange fibres/matrice. 
Dans les composites tresses, Tangle de tressage de 35° represente une valeur 
caracteristique, au dela duquel un saut important de rigidite se produit dans un essai de 
fluage a des temperatures superieures a Tg. Tel que discute au chapitre 5, la variation des 
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proprietes elastiques des composites tresses est la meme que pour les stratifies 
unidirectionnels orientes. Les fibres influencent la rigidite, mais pas le comportement 
general en fluage. 
Compare aux ressorts metalliques, les ressorts composites peuvent apporter une 
contribution technologique et economique importante, etant donne leurs caracteristiques 
remarquables comme la reduction de poids a performance egale, leur bonne tenue en 
fatigue et une excellente resistance a la corrosion. De plus, l'utilisation des ressorts 
composites assure une securite accrue en evitant les risques de rupture brutale en raison 
de la faible vitesse de propagation des fissures dans les composites. Enfm, dans les 
machines electrotechniques, l'utilisation de ressorts composites presente un autre 
avantage important en raison de leurs bonnes proprietes d'isolation electrique. 
Relativement peu de travaux ont ete realises sur les ressorts composites. La 
methodologie developpee dans cette etude comprend trois volets : (1) la conception des 
ressorts composites a ete realisee a l'aide d'algorithmes genetiques et d'une methode 
d'optimisation multicriteres; (2) une nouvelle approche de prediction des proprietes 
mecaniques des materiaux composites tresses ou tisses fondee sur la theorie des stratifies 
a ete developpee ; et enfin, (3) les materiaux composites qui entrent dans la fabrication 
des ressorts helicoidaux ont ete caracterises en fluage. 
Dans ce travail, nous avons done essaye de resoudre quelques problemes relies a la 
conception et a la caracterisation des ressorts composites. Le premier point, qui fait 
l'objet d'un article, a porte sur la conception des ressorts composites. Les resultats de 
conception sont prometteurs. Deux solutions ont ete selectionnees : un premier ressort en 
carbone/epoxy et un deuxieme en verre/epoxy. La demarche de conception a montre 
qu'il est possible d'obtenir un ressort composite avec la meme performance mecanique 
en terme de raideur qu'un ressort metallique. Les travaux du deuxieme article ont permis 
de developper une nouvelle approche pour predire les proprietes mecaniques des 
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composites tisses ou tresses. Cette methode repose sur un algorithme inverse fonde sur 
la theorie des stratifies, qui permet de predire les proprietes elastiques d'un composite 
renforce par une tresse avec un angle quelconque a partir des resultats experimentaux sur 
un composite tresse pour un angle donne. Un pli de base virtuel refletant l'effet de 
1'architecture des fibres est cree, a partir duquel les proprietes du composite peuvent etre 
predites pour n'importe quel angle de tressage. La comparaison entre les resultats 
experimentaux et les predictions numeriques a montre une bonne correlation. 
Enfin, le troisieme article traite du comportement en fluage des materiaux composites a 
fibres tressees. Dans ces structures, le comportement en fluage depend principalement de 
la matrice. Cependant la rigidite du composite depend du melange fibres/matrice. 
L'angle de tressage de 35° represente une valeur caracteristique pour les composites 
tresses. Au-dela de cette valeur, la rigidite dans un essai de fluage presente un saut 
important aux temperatures superieures a Tg. Ceci correspond au passage du controle de 
la charge des fibres vers la matrice dans un essai de traction ou de flexion. Une bonne 
stabilite du comportement mecanique a ete remarquee pour les composites tresses a un 
angle inferieur a ± 35° et superieur a ± 60°, dans lesquels la charge est supportee 
essentiellement par les fibres. Des essais a long terme ont ete realises pour deux 
composites tresses ± 45° et ± 55° afin de verifier le modele de prediction. Les facteurs 
de translation obtenus pour le court et le long terme sont approximativement egaux. 
En plus de demontrer leur efficacite pour une application amortissante, les travaux de 
cette these permettent de garantir une duree de vie aux ressorts composites. Une etude 
experimentale sur la fatigue des ressorts composites serait interessante pour completer 
ces travaux. Le logiciel developpe pour la prediction des proprietes elastiques des 
composites tresses pourrait egalement etre utilise pour d'autres configurations de fibres. 
C'est un outil pratique qui peut servir dans plusieurs applications industrielles. Tous ces 
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ANNEXE A - PROPRIETES DES TRESSES 
Angle de tressage 
L'angle de tressage 6 (radians) est Tangle entre l'axe de la tresse et l'axe principal des 
meches. Cet angle est relie a la vitesse d'avance de la machine de tressage par la relation 
suivante [11] : 
%D 
tan6 = — '- (A.l) 
V 
cm : 
Dt = diametre de la tresse (m), 
Tv = vitesse de tressage (m/tour) (longueur de mandrin couverte par tour). 
Espacement entre les meches 
Dans un procede de tressage, l'espacement entre les meches existe necessairement tel 
qu'illustre a la Figure A.l. Cet espacement a une influence negative sur le taux 
volumique des fibres et done sur les proprietes mecaniques. Les relations suivantes 







ou Nm est le nombre de meches dans la tresse. 
Geometrie de 1'ondulation 
Le plus important des parametres de la tresse apres Tangle de tressage est Tondulation 
des meches. L'angle d'ondulation d'une meche dans une tresse est variable selon le type 
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de tresse diamant (lxl), regulier (2x2) et Hercules (3x3). L'exemple suivant illustre la 
geometrie d'une ondulation d'une fa9on simple. 
Figure A.l - Definition des parametres d'ondulation d'une meche [12]. 
La relation suivante existe entre : la periode X, l'amplitude 8 et Tangle d'ondulation 
maximal P [19] : 
' 6^ 
(3 = tan (A.4) 
Estimation du taux de fibres 
Le taux de fibres est un des parametres les plus importants dans le domaine des 
composites a cause de son influence sur les proprietes des materiaux. Dans un renfort 







Vf = S,pfe 
masse par unite de longueur des meches (kg/m), 
masse volumique des fibres (kg/m3), 
epaisseur de la tresse (m), 
distance transversale entre les meches (m). 
(A.5) 
Le lecteur peut se referer aux articles [13] et [14] pour determiner le taux volumique de 
fibres d'une tresse biaxiale ou d'une tresse triaxiale en tenant compte de son ondulation. 
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ANNEXE B - MODES DE RUPTURE DES TUBES TRESSES 
Cette partie resume les principaux resultats experimentaux sur les modes de rupture de 
tubes composites renforces par des tresses tubulaires en fonction de l'architecture de la 
tresse et de la charge appliquee. 
1) En traction, deux phenomenes peuvent se produire : la propagation du cou pour les 
angles initiaux superieurs a 45° et la fracture des fibres pour les angles inferieurs a 45°. 
Selon Harte, la transition entre les deux mecanismes de rupture se produit pour un angle 
de 45°, qui correspond a l'etat de deformation en cisaillement pur de la matrice. La 
Figure B.l montre la courbe contrainte-deformation pour quatre angles initiaux 90 et le 
phenomene de la propagation du cou d'une tresse tubulaire soumise a une charge de 
traction, 
(a) (b) 
a) Courbe contrainte-deformation b) Propagation du cou (0O=55°) 
Figure B.l - Essai de traction sur des tubes tresses [17]. 
2) En compression, il existe quatre modes de rupture selon la geometrie du tube : 
a) micro-flambage; 
b) phage plat ou en boucle en forme de diamant; 
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c) flambage en accordeon; 
d) flambage du tube. 
v s . -**-~~ •w 
... I 
(£} 





Figure B.2 - Modes de rupture des tubes tresses en compression [15]. 
a) Les micro-flambages sont observes pour des tubes tresses a angles de tressages 
initiaux de moins de 35° (Figure B.2a). La courbe contrainte-deformation est 
caracterisee par un pic une longue decroissance (Figure B.3a). Quek et al. [18] 
ont simule la compression des tubes avec differents modeles et ils ont obtenu la 
meme allure que dans les essais experimentaux. Le phenomene de micro-
flambage consiste en la creation de bandes etroites de fibres connectees entre 
elles par des points (Figure B.3b). 
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a) Courbe contrainte-deformation b) Phenomene de micro-flambage 
Figure B.3 - Essai de compression sur des tubes tresses avec des angles initiaux de 23° 
et30°[16]. 
b) Les pliages plats sont lies aux tubes avec des angles de tressage initiaux superieurs a 
35° (Figure B.lb). La Figure B.3a montre la courbe contrainte-deformation. Dans ce cas, 
cette courbe est aussi caracterisee par un pic qui indique 1'initiation des boucles, les 
pliages se propageant le long du tube de haut vers le bas. Les prochaines contraintes 
maximales apres le pic initial dans la courbe contrainte-deformation correspondent a la 
formation des bandes de pliages dans le tube. Apres la formation complete de chaque 
pli, la courbe contrainte-deformation retourne vers le haut jusqu'a ce que la charge soit 
suffisante pour la formation du pli suivant. La Figure B.3b illustre ce phenomene sur un 
specimen apres un essai de compression. 
c) Les flambages en accordeon de la Figure B.lc apparaissent pour les memes angles de 
tressage initiaux, mais dependent de l'epaisseur de la tresse tubulaire. 
d) Le flambage du tube ou macro-flambage d'Euler de la Figure B.ld se produisent dans 






a) Courbe contrainte deformation b) Phenomene de pliage plat 
Figure B.4 - Essai de compression sur des tubes tresses avec des angles de tressage 
initiauxde40°et55°[15]. 
3) En torsion, le micro-fiambage apparait meme pour des angles initiaux de tressage 
superieurs a 35°. La courbe contrainte-deformation de la Figure B.5 montre que pour des 
angles de tressage initiaux proches de 45°, la contrainte de torsion est elevee. 
f 
S 0 §05 QM 0-f15 0M 9J 
Figure B.5 - Courbes contrainte-deformation d'un test de torsion [15]. 
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ANNEXE C- RESSORTS HELICOIDAUX 
Un ressort helicoi'dal est fabrique a partir d'un fil de section generalement circulaire. II 
est soumis en general a une force axiale ou bien il est concu pour produire une force 
dans le but de reproduire, modifier un mouvement ou maintenir un systeme de forces en 
equilibre. Le ressort helicoi'dal permet d'emmagasiner une grande quantite d'energie 
dans un espace restreint. L'utilisation des ressorts composites ouvre des perspectives 
interessantes, en termes de duree de vie, gain de poids et resistance accrue a la corrosion. 
Dans ce qui suit, on presente la methode suivie pour calculer les contraintes dans un 
ressort helicoi'dal a fil de section circulaire pleine soumis a une force de compression 
axiale. 
Contraintes dans un ressort helicoi'dal 
Considerons un ressort soumis a une force P appliquee dans la direction de l'axe de 
l'helice de ce ressort. Tel qu'illustre a la Figure C.l, cette force se decompose en deux 
composantes par projection sur le plan de la section droite S du fil plein du ressort: 
- dans le plan de la section Pi =P cos a (C-l) 
- selon la normale au plan de la section Pi = P sin a (C-2) 
Ces deux forces permettent respectivement de calculer les deux moments : 
torsion : M, = P, — , flexion : M f - P1 — 
9 •' 9 
152 
1 ^ P i Mt = PxDI2 
Dans le plan de S 
iPi 
Mf=P2D/2 
Dans le plan 
normal a S 
diametre du fil d 
angle de l'helice 
£) J diametre 
d'enroulement moyen 
Figure C.l - Repartition des efforts dans un ressort. 
La contrainte engendree dans le fil du ressort helicoidal soumis a une force axiale est 
due a trois effets principaux : la torsion du fil, le cisaillement et sa courbure. 
La contrainte due a la torsion Tt est donnee par 
T, = 
M,d 8P,£» 





est le moment d'inertie. 
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Figure C.2 - Contrainte de torsion dans la section. 
La contrainte due au cisaillement est liee a la force appliquee a la section S : 
Px _ 4P, 
S nd2 
(C-4) 
avec S = 
nd2 
Figure C.3 - Contrainte de cisaillement dans la section. 
La contrainte maximale dans le ressort est la somme de la contrainte de torsion et du 
cisaillement: 
8RD 4R 




L'angle d'helice a est generalement faible (a < 10°), alors on peut considerer que 










ou C = — appele indice de ressort. Le coefficient A: = 1 + —— est le facteur de 
d C 
correction sur charge statique. Enfin, la contrainte maximale dans le ressort n'est done 
que la contrainte de la torsion multipliee par un coefficient ks. On gardera cette forme de 
contrainte apres 1'introduction de 1'influence de la courbure du fil, mais cette fois en 
multipliant par un autre coefficient k. 
Dans ce qui precede, on a neglige l'effet de courbure du fil. Prenant un petit element de 
spire compris entre deux plans passant par l'axe du ressort, les fibres de l'helice les plus 
proches de l'axe du ressort sont plus courtes que la fibre neutre et les fibres plus 
eloignees sont plus longues. Toutes ces fibres superficielles sont cependant deformees 
selon le meme angle de torsion quand le ressort est charge. En consequence, les fibres 
les plus proches de l'axe sont soumises aux contraintes de torsion les plus elevees. Ces 
contraintes s'ajoutent a la contrainte de cisaillement et de la torsion pour dormer des 
contraintes combinees maximales (Figure C.4). 
(a) - element de spire (b) - section du fil 
Figure C.4 - Influence de la courbure du fil. 
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Plusieurs chercheurs ont donne des coefficients globaux pour introduire l'effet de 
courbure dans l'expression de la contrainte maximale dans le ressort. Wahl a donne 
l'expression du coefficient k sous la forme suivante : 
, 4 C - 1 0.615 , „ ^ 
k = + (C-7) 
4 C - 4 C 
Constante de raideur 
La raideur d'un ressort helicoi'dal cylindrique est le rapport de la force appliquee sur le 
deplacement total du ressort. Le deplacement total du ressort est donne par la relation 
suivante: 
5 = ^ (C-8) 
GdA V ' 
Mors: K = - = - ^ - (C-9) 
oxx: N = nombre de spire actives 
C = Did - indice de ressort 
G = module de cisaillement 
